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Summary 
 
Over the last five decades (1960s - 2010s), the demand for fish has increased considerably not 
the least because of its nutritional and health promoting values. While capture fisheries landings 
remained stable, aquaculture became one of the fastest growing systems and is expected to 
continue its expansion beyond 2030. In recent years, Vietnam has entered the top five 
aquaculture producers and exporters in the world. Of its products, Pangasius is a prominent one 
as it has become one of the major farmed species in the world and in Vietnam particularly. 
Currently, this species is widely cultured in intensive ponds instead of in traditional integrated 
agriculture-aquaculture ponds, cages or net-pen enclosures. This transition is induced by an 
increasing demand of international markets. Commercial pellet feeds are primarily used in 
addition to farm-made feeds. Typical characteristics, e.g. high nutritional quality, firm texture and 
neutral flavour, along with the availability on the market in a standard size, allowed Pangasius to 
make inroads into more than 150 countries with a considerable expansion by volume and value. 
Nonetheless, this development has been associated with questioning the environmental 
sustainability of Pangasius aquaculture and products at a time when there exists a lack of 
confidence in how this sector is regulated. There are also allegations that Pangasius is unsafe for 
human consumption due to its unsustainable farming. Consequently, Pangasius producers have 
followed at least one of the certification schemes recognized by the international markets, e.g. 
Pangasius Aquaculture Dialogue (PAD) scheme certified by the Aquaculture Stewardship Council 
(ASC), to presumably ascertain sustainable aquaculture practices and to increase their 
international trade, especially with the European Union and the United States. Moreover, 
improvements, e.g. by-product valorisation, have been mainly made in the fish processing phase 
(Chapter 1). The environmental impact of the Pangasius sector has been documented by some 
life cycle assessment analyses (LCA), i.e. a well-established framework that attempts to identify 
the most significant environmental impacts of a product or service over a share of or the full life 
cycle and then maximize improvements. However, previous studies on Pangasius were limited to 
non-certified intensive monoculture aquaculture. They do not consider the integrated system with 
biogas production, the certified farming nor Pangasius products.  
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In the given context, the resource use of the three prime fish aquaculture practices in Vietnam, 
including the integrated pig-fish-biogas, non-certified and ASC-certified intensive Pangasius 
aquaculture, were analysed using LCA (Chapters 2, 3 and 5). The resource use was expressed 
as the Cumulative Exergy Extraction from Natural Environment (CEENE, Joule of exergy), 
including eight different resource-related categories: land including biomass production, minerals, 
metal ores, fossil fuels, nuclear energy, renewable resources excluding biomass, water and 
atmospheric resources. Exergy is the maximal amount of work that a system can deliver when 
brought in equilibrium with its environment through reversible processes. In Chapter 5, the 
assessment applied also emission-related indicators on global warming, acidification, 
eutrophication, freshwater and marine eutrophication using the RECIPE method, i.e. a recent 
holistic LCA methodology comprising eighteen different impact categories. 
In addition to feed and water inputs, nutrient discharges (more specifically total phosphorous and 
nitrogenous) were identified as the environmental hotspots. Their environmental impact was not 
limited to the farm itself (i.e. the foreground system). Both the background (e.g. feed ingredient 
production) and foreground system drive the environmental impact of either integrated or 
monoculture aquaculture systems.      
Feed production was shown as the activity causing most environmental impact with respect to 
land resource use, global warming and acidification. Key factors were therefore the amount of 
feed used and its composition, more specifically crop-derived ingredients (i.e. soybean meal, rice 
and wheat by-products) due to their high mass shares, and domestic fishmeal due to its high 
environmental burden originating from a high consumption of diesel and electricity for the fishery 
(capture and ice production). Two approaches are possible: making these ingredients more 
environmental friendly or finding more environmentally sustainable alternatives; however, they 
are actually challenging with regard to product origin, production technology, nutritional quality, 
etc. The replacement of imported feed ingredients with domestic ones, e.g. fish meal, is also not 
always be favourable. Consequently, reducing the amount of feed could be more practical via an 
integration of aquaculture and agriculture (with or without biogas production through manure 
anaerobic digestion) or an application of one of the sustainable schemes available for Pangasius 
aquaculture, e.g. ASC. Regarding the former, an inclusion of biogas production out of manure 
(e.g. from pig) in the integrated system in which fish ponds are fertilised by manure-based 
Summary 
 
v 
digestate instead of fresh manure might be more efficient to reduce the amount of pellet feed 
used (Chapter 2).  
While the studied integrated agriculture-aquaculture (IAA) system showed an inefficient water use 
because of their low production yields, following the ASC scheme could result in a multi-benefit, 
i.e. a better management of the three above-mentioned hotspots by setting limitation values (1.69 
tonne feed used, 5,000 m3 water abstracted, 27.5 kg total nitrogenous and 7.2 kg total 
phosphorous discharged per tonne Pangasius produced). The ASC certification scheme can 
therefore ascertain adequate environmental sustainability with respect to the studied impact 
categories in fish aquaculture in Vietnam, particularly in Pangasius farming (Chapter 5).    
Additionally, these improvements for aquaculture can also reduce the resource use (CEENE) of 
Pangasius products, e.g. frozen and modified packaging atmosphere fillets (595 and 669 GJ per 
tonne of dry matter of fillets, respectively) as considered in this study. It is explained by the primary 
contribution of the aquaculture phase (81% and 76%, respectively) to the impact. This result is 
independent on the allocation choices (physical or economic properties) and the fact that the MAP 
fillets were processed twice (in Vietnam and Belgium) and transported overseas for approximately 
12,000 km (Chapter 4).  
Moreover, straightforward equations were established, through coupling LCA and linear 
regression, to simply estimate the cradle-to-gate resource use, expressed as CEENE, of 
Pangasius feed and fish in non-certified and certified intensive farms (Chapter 3). The CEENE 
of one tonne feed can be predicted by the mass share of agriculture-based ingredients (R2 ≥ 0.90, 
n = 12 feeds) while this CEENE of one tonne Pangasius fish can be explained by the amount of 
water and feed inputs (R2 ≥ 0.98, n = 20 farms). 
Overall, the environmental sustainability of fish aquaculture and products in Vietnam, more 
specifically on Pangasius as a prime example, was addressed at both process and life cycle level. 
During this PhD work, it became clear that Pangasius producers, retailers and consumers should 
extend the level of concern beyond the farm or processing facility. However, there are still 
opportunities for future research. The assessment should focus on the certified group and its 
products more specifically and expand the scope to other categories (e.g. toxicity impacts, ozone 
depletion). A representative farm sample at a broader-scale survey is of importance (Chapter 6). 
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Samenvatting 
 
De voorbije vijf decennia (1960 - 2010) nam de vraag naar vis aanzienlijk toe, niet het minst door 
zijn nutritionele en gezondheidsbevorderende eigenschappen. Terwijl visvangstopbrengsten 
stabiel bleven, was aquacultuur een van de snelst groeiende systemen die naar verwachting zelfs 
na 2030 nog verder zal uitbreiden. Recent trad Vietnam toe tot de top 5 grootste producenten en 
exporteurs van aquacultuurproducten in de wereld. Pangasius is een heel belangrijk product 
aangezien het is uitgegroeid tot een van de belangrijkste gekweekte soorten in de wereld en in 
Vietnam in het bijzonder. Momenteel wordt deze soort op grote schaal gekweekt in intensieve 
vijvers in plaats van traditionele geïntegreerde landbouw-aquacultuur vijvers, kooien of 
afgebakende (net-pen) systemen. Deze transitie wordt gestuurd door een toenemende vraag van 
internationale markten. Commercieel korrelvoer wordt voornamelijk gebruikt naast voeders 
geproduceerd op het bedrijf. Typische kenmerken, zoals hoge voedingswaarde, stevige textuur 
en neutrale smaak, samen met de beschikbaarheid op de markt in een standaard formaat, lieten 
Pangasius toe om vooruitgang te maken in meer dan 150 landen met een aanzienlijke uitbreiding 
in termen van volume en waarde. Niettemin ging deze ontwikkeling gepaard met het in vraag 
stellen van de ecologische duurzaamheid van Pangasius aquacultuur in een tijd waarin sprake is 
van een gebrek aan vertrouwen in de manier waarop deze sector is gereglementeerd. Ook zijn 
er beschuldigingen dat Pangasius onveilig is voor menselijke consumptie als gevolg van de niet-
duurzame productie. Bijgevolg hebben Pangasius producenten ten minste één van de 
certificatieschema’s die door de internationale markten herkend worden, bijvoorbeeld het 
Pangasius Aquaculture Dialogue (PAD) schema gecertificeerd door het Aquaculture Stewardship 
Council (ASC), om de duurzaamheid van hun aquacultuurproductie aan te tonen en om hun 
internationale handel te vergroten, vooral met de Europese Unie en de Verenigde Staten. 
Bovendien vonden verbeteringen, bijvoorbeeld valorisatie van bijproducten, voornamelijk plaats 
in de visverwerkingsfase (Hoofdstuk 1). De milieu-impact van de Pangasius sector is 
gedocumenteerd door een aantal studies op basis van levenscyclusanalyse (LCA). LCA is een 
goed ontwikkelde methode die betracht de meest substantiële milieu-impacten van een product 
of dienst in een deel van of over de volledige levenscyclus te identificeren en vervolgens 
verbeteringen te maximaliseren. Eerdere studies over Pangasius zijn echter beperkt tot niet-
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gecertificeerde intensieve mono-aquacultuur. Zij beschouwen niet het geïntegreerde systeem 
met biogasproductie, de gecertificeerde aquacultuur en Pangasius producten. 
In de gegeven context werd het grondstoffengebruik van de drie belangrijkste 
visaquacultuurpraktijken in Vietnam, met inbegrip van het geïntegreerde varken-vis-biogas-
systeem, de niet-gecertificeerde intensieve Pangasius aquacultuur en de ASC-gecertificeerde 
intensieve Pangasius aquacultuur, geanalyseerd met behulp van LCA (Hoofdstukken 2, 3 en 5) . 
Het grondstoffengebruik werd uitgedrukt als de cumulatieve exergie extractie vanuit de natuurlijke 
omgeving (CEENE, Joule exergie), met inbegrip van acht verschillende grondstofcategorieën: 
land (waaronder biomassaproductie), mineralen, metalen, fossiele brandstoffen,  nucleaire 
energie, hernieuwbare energie (met uitzondering van biomassa), water en atmosferische 
hulpbronnen. Exergie is de maximale hoeveelheid arbeid die een systeem kan leveren wanneer 
het in evenwicht gebracht wordt met zijn omgeving door middel van een reversibel proces. In 
Hoofdstuk 5 werden ook emissiegerelateerde indicatoren over opwarming van de aarde, 
verzuring, vermesting, zoetwater- en mariene eutrofiëring geanalyseerd met behulp van de 
RECIPE-methode, dit is een recente holistische LCA-methode bestaande uit 18 verschillende 
impactcategorieën. 
Naast voeder- en watergebruik werden lozingen van nutriënten (meer specifiek totaal fosfor en 
stikstof) geïdentificeerd als de milieuaandachtspunten. Hun impact op het milieu was niet beperkt 
tot het aquacultuurbedrijf zelf (dat wil zeggen het voorgrondsysteem). Het achtergrondsysteem 
(bijvoorbeeld productie van diervoederingrediënten) en het voorgrondsysteem bepalen beiden de 
milieu-impact van zowel de geïntegreerde als de mono-aquacultuursystemen. 
Voederproductie werd aangetoond als de activiteit die de meeste milieu-impact veroorzaakt op 
vlak van landgebruik, opwarming van de aarde en verzuring. Belangrijke factoren waren dan ook 
de hoeveelheid en de samenstelling van het gebruikte voeder, meer specifiek de gewas-afgeleide 
ingrediënten (sojameel, rijst- en tarwebijproducten) door hun hoge massa-aandeel, en het 
binnenlandse vismeel door de hoge milieubelasting afkomstig van een hoog diesel- en 
elektriciteitsverbruik in de visserij (visvangst en ijsproductie). Het vinden van meer 
milieuduurzame diervoedergrondstoffen is eigenlijk een uitdaging met betrekking tot de oorsprong 
van producten, productietechnologie, nutritionele kwaliteit, enz. De vervanging van 
geïmporteerde door binnenlandse diervoederingrediënten, bijvoorbeeld vismeel, is ook niet altijd 
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even gunstig. Bijgevolg kan het verminderen van de hoeveelheid voer praktischer via een 
integratie van aquacultuur en landbouw (met of zonder de productie van biogas door de vergisting 
van mest) of via een toepassing van een van de duurzaamheidsschema’s beschikbaar voor 
Pangasius aquacultuur, bijvoorbeeld ASC. Wat betreft het eerstgenoemde, een opname van 
biogasproductie uit mest (bijvoorbeeld varkensmest) in het geïntegreerde systeem waarin 
visvijvers worden bemest door digestaat in plaats van verse mest kan efficiënter zijn om de 
gebruikte hoeveelheid korrelvoer te verminderen (Hoofdstuk 2). 
Terwijl de onderzochte geïntegreerde landbouw-aquacultuur systemen (IAA) een inefficiënt 
watergebruik vertoonden vanwege hun lage productieopbrengsten kan het volgen van het ASC-
schema leiden tot meerdere voordelen, namelijk een beter beheer van de drie bovengenoemde 
aandachtspunten door het opstellen van limietwaarden (1,69 ton voerverbruik, 5000 m³ 
waterverbruik, 27,5 kg totale stikstof en 7,2 kg totale fosfor lozing per ton geproduceerde 
Pangasius). Het ASC-certificatieschema kan dus adequate milieuduurzaamheid verzekeren met 
betrekking tot de onderzochte impactcategorieën in visaquacultuur in Vietnam, in het bijzonder 
Pangasius aquacultuur (Hoofdstuk 5). 
Bovendien kunnen deze verbeteringen voor aquacultuur ook het grondstoffengebruik (CEENE) 
van Pangasius producten verminderen, bijvoorbeeld bevroren en onder gemodificeerde 
atmosfeer verpakte (MAP) filets (595 en 669 GJ per ton filet (droge stof), respectievelijk) zoals 
beschouwd in deze studie. Het wordt verklaard door de primaire bijdrage van de aquacultuurfase 
aan de milieu-impact (81% en 76%, respectievelijk). Dit resultaat is onafhankelijk van de 
allocatiekeuzes (fysische of economische eigenschappen) en het feit dat de MAP filets tweemaal 
werden verwerkt (in Vietnam en België) en ongeveer 12000 km in het buitenland werden vervoerd 
(Hoofdstuk 4). 
Bovendien werden, door LCA te koppelen met lineaire regressie, ongecompliceerde 
vergelijkingen opgesteld om eenvoudig een schatting te maken van het cradle-to-gate 
grondstoffengebruik (uitgedrukt als CEENE) van het Pangasius voeder en van de Pangasius vis 
in niet-gecertificeerde en gecertificeerde intensieve bedrijven (Hoofdstuk 3). De CEENE van één 
ton voer kan worden voorspeld door het massaal aandeel van de landbouwgebaseerde 
ingrediënten (R2 ≥ 0.90, n = 12 voeders), terwijl de CEENE van een ton Pangasius vis kan worden 
verklaard door de hoeveelheid water en de voeder inputs (R2 ≥ 0,98, n = 20 bedrijven). 
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Samengevat, de milieuduurzaamheid van visaquacultuur en -producten in Vietnam, in het 
bijzonder van Pangasius als voornaamste voorbeeld, werd geanalyseerd op zowel proces- als 
levencyclusniveau. Tijdens dit doctoraatswerk werd duidelijk dat Pangasius producenten, 
handelaars en consumenten hun niveau van bezorgdheid moeten uitbreiden buiten het 
aquacultuur- of verwerkingsbedrijf. Er zijn inderdaad nog mogelijkheden voor toekomstig 
onderzoek. De evaluatie moet zich meer specifiek richten op de gecertificeerde bedrijvengroep 
en haar producten en uitbreiden met andere impactcategorieën (bijvoorbeeld toxiciteitseffecten, 
aantasting van de ozonlaag). Een representatieve steekproef van bedrijven in een breder 
onderzoek is van belang (Hoofdstuk 6).
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 The rise of aquaculture  
 Overview of global aquaculture, with focus on Vietnam  
Fish and fishery products have significantly contributed to the global food industry as a very 
available source of high-quality proteins, (polyunsaturated) fatty acids (i.e. omega-3 fatty acids) 
and essential micronutrients (i.e. vitamins, minerals) for a balanced nutrition and good health. 
Globally, these products currently represent about 16.6% of animal- and 6.5% of the human-
consumed protein supply (FishStatJ, 2016). During the last five decades (1960s - 2010s), the 
world fish food supply has increased two-fold (i.e., 9.9 to 19.2 kg) per capita at an average growth 
rate of 3.2% per year (FAO, 2014). This rapid growth is expected to continue at 1.2-fold over 20 
years (from 154 million tons in 2011 to 186 million tons in 2030), with aquaculture entirely 
responsible for this increase (Kobayashi et al., 2015). While capture fisheries production 
remained stable, aquaculture production, with a 12-fold rise in the last three decades (1980s - 
2010s), became the fastest-growing animal food-production system in the world (FAO, 2012), see 
Figure 1.1. 
 
Figure 1.1. Growth of global aquaculture production in the 1984-2013 period (FishStatJ, 2016). 
 
Modern aquaculture is very diverse with a great variety of production systems (from traditional 
low intensity, extensive and semi-intensive to highly intensive systems) and farming technologies 
(e.g. monoculture, polyculture, ponds, land-based tanks) (Pelletier and Tyedmers, 2008). 
Production of carnivorous species (e.g. salmon, shrimp and catfish) has grown considerably due 
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to globalizing trade and favourable economics of larger scale intensive farming (Bostock et al., 
2010). Beyond 2030, aquaculture will likely continue to dominate future global fish supply and 
remain the engine of its expansion (Kobayashi et al., 2015). In future decades, a significant shift 
is expected to farming the oceans and seas for a sustainable seafood production (Sorgeloos, 
2013). However, there are many challenges and threats for future aquaculture (see Section 0 ‘Is 
aquaculture environmentally friendly?’). 
Vietnam has a high potential for aquaculture thanks to its favourable conditions in terms of climate 
and natural habitats such as ponds, rice fields, rivers, lakes, estuaries, and coastal areas. Since 
the 1990s, its aquaculture has been expanding in terms of culture area, production amount, 
targeted species and degree of intensity of the farming system (Phuong et al., 2006). Recently, 
Vietnam has played a major role in the global aquaculture industry, more precisely as the third-
largest aquaculture producer in the 2008-2012 period (FAO, 2010b,2012,2014) and the fourth-
largest exporter in 2012 in the world (FAO, 2012). Its exports of fish and fish products rose 
significantly from 1.0 billion US$ in 2000 to 6.2 billion US$ in 2013, made possible by a flourishing 
aquaculture industry reaching an astonishing growth of 28-fold by volume and 36-fold by value in 
the last three decades (1984-2013, Figure 1.2), in particular with the production of Pangasius 
along with marine/freshwater shrimps and prawns (FAO, 2012; FishStatJ, 2016).  
 
Figure 1.2. Growth of aquaculture production in Vietnam in the 1984-2013 period (FishStatJ, 2016). 
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More than half of the finfish from inland aquaculture in Vietnam are Pangasius, which is mainly 
traded overseas. Achieving a significant development (i.e. 30-fold by value and 28-fold by volume, 
see Figure 1.5 ), Pangasius production contributed 61% by volume and 27% by value on average 
to the Vietnamese aquaculture in the 1997-2013 period (FishStatJ, 2016). In addition to shrimp, 
salmon, tilapia and carp, Pangasius is likely to grow rapidly with a projected annual average 
growth rate in excess of 2% in the 2010-2030 period (Kobayashi et al., 2015). Pangasius 
aquaculture was primarily researched since it is a typical system of fish monoculture in Vietnam. 
Traditionally, Pangasius is cultured in the integrated agriculture-aquaculture (IAA) system in 
which the ponds are integrated with other farming systems, e.g. livestock or crop production (Kluts 
et al., 2012).  
 Integrated aquaculture in Vietnam 
Integrated agriculture-aquaculture (IAA) refers to the integration between aquaculture (e.g. fish, 
shrimp, prawn, etc.) and agriculture, including different crops (e.g. fruit, vegetable, rice) and 
livestock (e.g. pig, cow, duck) on the same farm. This system has been promoted in highly 
populated areas in Asia, e.g. China, Vietnam (Luu et al., 2002). An important characteristic of the 
IAA system is the nutrient recycling between the different farm components (Prein, 2002), see 
Figure 1.3 , in particular the use of livestock manure or wastes of crops for fish production 
(Appleford et al., 2012). Recycling waste is seen as an alternative resource input and can gain 
multiple benefits, e.g. a more efficient and environmentally sustainable use of resources (Prein, 
2002) and a decrease in environmental pollution (Devendra, 2002).   
In Vietnam, the IAA system was promoted since 1999 under a strong support of government 
policy to diversify the agriculture production, reduce the share of rice culture to the total 
agricultural output value and increase the contribution of aquaculture to economic growth and 
poverty reduction (Luu et al., 2002). In the Mekong Delta, the IAA system has become the 
common farming system, typically consisting of more than two of the following components: 
orchards/gardens (‘Vườn’, ‘V’) for both annual and perennial crops, farm animal (e.g. pig, poultry, 
cow) house (‘Chuồng’, ‘C’), fish ponds (‘Ao’, ‘A’) and rice paddies (‘Ruộng’, ‘R’). These can be 
combined, resulting in different variants: VA, VAC, VACR, etc. (Figure 1.3).  
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Figure 1.3. Overview of the integrated Vuon, Ao, Chuong, Biogas (VACB) system (i.e, garden, aquaculture, 
animal husbandry, biogas production) in Vietnam 
 
Compared to intensive aquaculture based on external inputs, extensive aquaculture induces less 
environmental pollution to soil, water and air (Little and Edwards, 2003; Nhan et al., 2006). For 
example, the intensive Pangasius farming was shown to cause higher environmental impacts 
than the integrated one with respect to seven categories, including global warming, acidification, 
ozone depletion, photochemical oxidation, fossil depletion, human toxicity and marine aquatic 
ecotoxicology (Kluts et al., 2012).  
The livestock production has rapidly grown in Vietnam, in particular the pig farming with a high 
annual growth rate (around 6%) over the 1990–2010 period (FAOSTAT, 2016). To enhance the 
sustainability of this sector, biogas digesters were therefore promoted since 2003 through the 
project ‘Biogas Program for the Animal Husbandry Sector in Vietnam’ in a collaboration between 
the Livestock Production Department (LPD) of the Vietnamese Ministry of Agriculture and Rural 
Development (MARD) and the Netherlands Development Organization (SNV) (MARD, 2016). In 
this technology, livestock (e.g. pig, cattle, buffalo or poultry) manure is anaerobically digested to 
produce biogas, which replaces conventional fuels like firewood, coal, LPG, kerosene and 
agricultural residues for daily household cooking. Produced digestate can be used as a base 
fertilizer for aquaculture and/or agriculture together with pond sediments (Figure 1.3).  
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Applying biogas digesters can gain both environmental (e.g. forest degradation, better manure 
management) and economic (i.e. saving energy cost) benefits originating from a reduced 
consumption of cooking fuels and chemical fertilizers. On average, each well-functioning biogas 
plant can daily save 4.5 kg wood, 1.6 kg agricultural residues and 0.08 kg LPG for cooking and 
yearly 10.1 kg chemical fertilizer. This is equivalent to an economic benefit of 1.3 million VND per 
year (EPRO Consulting JSC, 2014). By March 2014, more than 130,000 biogas digesters had 
been installed across Vietnam with a goal of 180,000 biogas plants by 2018 (MARD, 2016). In 
the Mekong Delta provinces (e.g. An Giang, Can Tho), biogas digesters are commonly 
implemented in the conventional IAA system (e.g. VAC), termed as VACB (B stands for biogas, 
Figure 1.3). In 2008, this model was also developed through the ‘Clean Development Mechanism’ 
project of Can Tho University (CTU) and the Japanese International Research Centre for 
Agricultural Sciences (JIRCAS) (Nguyen and Matsubara, 2012). 
 Monoculture in Vietnam: Pangasius production 
1.1.3.1 Pangasius aquaculture 
Pangasius hypophthalmus, or Pangasianodon hypophthalmus, is commonly referred to as striped 
catfish, silver striped catfish, sutchi catfish and ‘cá Tra’ (Vietnamese name), see Figure 1.4. In 
this work, the term ‘Pangasius’ will refer to this riverine freshwater species. Naturally distributed 
in the Mekong River and Chao Praya River basins, Pangasius has been cultured since 1950s in 
the An Giang and Dong Thap provinces of Vietnam, with traditional rearing in cages. The source 
of breeding stock was initially from capture of wild fishes. More specifically, the wild fry was 
harvested during May (in the lunar calendar) in the Hau and Tien branches of the Mekong River. 
Since the 1970s, rearing Pangasius in pond commenced in the Mekong Delta and it eventually 
became the current farming practice (VASEP, 2014). Since 1996, wild fry catching stopped while 
the artificial propagation of breeding stock (i.e. artificial fingerling production) became common 
(Phuong and Oanh, 2010).  
 
Figure 1.4. Pangasius hypophthalmus/Pangasianodon hypophthalmus  - Tra (VASEP, 2014) 
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Pangasius can grow in fresh water or brackish water (with salinity of 7-10 g L-1), survive in water 
lacking dissolved oxygen, alum water (with pH > 5) and water with a high temperature (up to 
39oC), but easily die at temperatures less than 15oC (VASEP, 2014). Currently, Pangasius is 
cultured in many Southeast Asian countries, e.g. Vietnam, Thailand, Myanmar, Cambodia, Lao, 
and Bangladesh; however, the most predominant production is located in the 10 Mekong Delta 
provinces and 2 other provinces outside (Vietnam, Figure 1.5) (FAO, 2014; VASEP, 2014). This 
species was traditionally cultured in backyard ponds that were a component of integrated 
agriculture-aquaculture (IAA) systems (Phong et al., 2011). This farming mode is becoming less 
common because of increasing specialization in intensive Pangasius farming to meet increasing 
export demands (Kluts et al., 2012). Intensive fish farming systems are characterized by a regular 
water exchange to maintain water quality, high use of chemicals and medicines, and a high 
degree of control over fish nutrition (Appleford et al., 2012).  In 2011, the total farming surface 
amounted to 5,509 ha, which is moreover likely to expand up to 7,600-7,800 ha by 2020. Can 
Tho, An Giang and Dong Thap are the leading farming regions (75% of the total national 
Pangasius production) (VASEP, 2014). Nursery, hatchery and grow-out sectors are operated as 
separate entities with some degree of specialisation in specific areas. For instance, grow-out 
farms are located in the 12 provinces mentioned above, but juvenile production occurs primarily 
in An Giang and Dong Thap provinces where  nurseries and hatcheries are concentrated (Phan 
et al., 2009). Since 2005, the employed aquaculture techniques have switched from cage farming 
and net-pen enclosures to intensive pond farming with stocking of hatchery-produced fingerlings 
(VASEP, 2014). Commercial pellet feeds purchased directly from the feed mills or local merchants 
are primarily used in addition to farm-made feeds. These two feed types contain mostly crop-
based ingredients (e.g. rice bran, soybean meal, etc.), fishmeal and/or trash fish (Henriksson et 
al., 2015a). Their protein content is highly variable: 20 to 30% (average 25.8%) for commercial 
feeds and 17 to 26% (average 21.6%) for farm-made feeds. Fish farming efficiency, represented 
by the Feed Conversion Ratio (FCR, the dry weight (kg) of the feed required to increase the 
animal biomass by one kg live weight, i.e. wet weight), is higher for commercial feeds (average 
1.69) compared to farm-made feeds (average 2.25) (Phan et al., 2009). Pangasius can be 
harvested at an average weight of 1.0 kg after a raising period of 6-8 months (Huysveld et al., 
2013).   
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a) (b) 
Figure 1.5. Overview of Pangasius (a) farming regions (in blue) in Vietnam (VASEP, 2014) and (b) 
production over time (FishStatJ, 2016). 
 
 
1.1.3.2 Pangasius trade and products 
Over recent years, Pangasius has become one of the major aquaculture-based species in the 
world (the 9th in 2010) and in Vietnam as well (FAO, 2012). Its production has expanded from a 
low production amount for local consumption to one of Vietnam’s most important export products. 
In the 1997-2013 period, Vietnam has experienced a significant rise in Pangasius production by 
volume (30-fold, from 40 thousand to 1.2 million tonnes) and value (28-fold, from 64 million to 1.8 
billion USD) (FAOSTAT, 2016), see Figure 1.5. Majority of the trade (91.4%) is frozen and thawed 
Pangasius fillet, emphasizing its enormous socio-economic role (Loc et al., 2010). Typical 
characteristics, e.g. a high nutritional quality, flaky white flesh, firm texture and neutral flavour, 
together with the availability on the market in a standard size, allow Pangasius to be easily used 
for a wide range of culinary preparations and made it accepted in 5 continents with over 150 
countries and territories (Orban et al., 2008; VASEP, 2014). Considered as a low-cost alternative 
to marine white fish, e.g. cod and haddock in the European Union, and the indigenous channel 
catfish (Ictalurus punctatus) in the United States, Pangasius has established a growing market 
HA NOI  
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share in these two major markets since approximately 2001 (Belton et al., 2011). Diverse 
Pangasius products exist on the market: portions, frozen and refreshed fillets and its added-value 
products, etc. (Figure 1.6).  
 
 
 
 
 
 
Frozen fillets Refreshed/thawed fillets Added-value products 
 
Figure 1.6. Pangasius products in the European market (i.e. Belgium) 
 
Harvested Pangasius, which weighs approximately 1.0 to 1.2 kg (the optimal weight for 
processing), is typically first processed in Vietnam to skinned and boneless frozen fillets through 
the main following steps: pre-treatment, filleting, trimming, soaking, freezing, and glazing (Figure 
1.7 and Supplement material C, Figure C1). The processed frozen fillets can then be packaged 
for exporting. A more detail description of these processing steps was presented in Chapter 4. 
Frozen Pangasius is then directly distributed to consumers or after transport further processed to 
thawed fillets, optionally stored in modified atmosphere package (MAP), or converted to added-
value products before further distribution (Figure 1.7).  
Presently, Vietnam has nearly 100 Pangasius processing factories, which are mostly located in 
the Mekong Delta. Majority of these factories are equipped with advanced equipment and 
technologies in the processing line, e.g. filleting (continuous contact belt), freezing (individual 
quick freezing), packaging (vacuum machines), labelling, microbiological and antibiotics residues 
tests, and treatment systems for processing water/wastewater. The advanced equipment allow 
automatization of several stages of the production (VASEP, 2014).  
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Figure 1.7. Primary steps of Pangasius aquaculture in Vietnam and its processing  
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 Is aquaculture environmentally friendly? 
 Environmental concerns on global aquaculture 
In the past few decades, consumer habits have significantly changed. In addition to higher 
standards in terms of food freshness, diversity, convenience and safety, etc., a guarantee that 
food is processed, handled and sold in environmentally respectful ways is becoming important to 
consumers, particularly in more developed economies (FAO, 2012). The steady increase in 
aquaculture, though beneficial in many ways, has raised concerns about its environmental 
sustainability issues, e.g. localized nutrient enrichment or depletion, chemical pollution, genetic 
pollution, introduction of non-indigenous species, habitat destruction, greenhouse gas (GHG) 
emissions, depletion of wild fish stocks, inefficient energy and biotic resource use, and 
spread/amplification of diseases and parasites (Henriksson et al., 2013). This sector has put an 
increasing pressure on the environment through emissions and  exploitation of natural resources, 
due to increased use of production inputs (e.g. water, land, feed, energy, fertilizer) (Samuel-Fitwi 
et al., 2012; Verdegem, 2013). The dependence of aquaculture on natural resources is very 
diverse, depending on system features and farmed species (Bostock et al., 2010). For example, 
direct energy use in farming is linked to intensification of culture, automation level and complexity 
of workflows (d'Orbcastel et al., 2009). It is clear water and land resources will come under serious 
pressure in association with the rapid expansion of aquaculture in the decades ahead (Sorgeloos, 
2013) since their availability are finite (Naylor et al., 2009; Verdegem et al., 2006). The 
intensification in aquaculture, especially inland systems, contributes to a high competition for land 
and water, specifically freshwater resources, in countries and regions with high population 
density, such as Asia that has the greatest freshwater aquaculture production (FAO, 2011a). 
Moreover, the introduction of exotic species, the widespread application of disinfectants and 
antibiotics, and the alteration of water flows in aquaculture negatively affect ecosystems 
(Verdegem, 2013). 
Aquafeed is a crucial topic. Increased aquaculture production is believed to relieve the pressure 
on marine stocks; however, some types of aquaculture, i.e. carnivorous species (e.g. cobia and 
Pangasius) still depend on marine resources. Their rapidly expanding culture requires large inputs 
of marine-derived fish for the production of fishmeal and fish oil (Bostock et al., 2010; Naylor et 
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al., 2000) despite of the reduced shares of fishmeal and fish oil in industrial aquafeed (Naylor et 
al., 2009). Consequently, continued pressure of aquaculture industry on marine resources is 
inevitable. Some other aquaculture systems also indirectly diminish wild fish supplies through 
habitat modification, collection of wild seed-stock and other ecological impacts, e.g. food web 
interactions, introduction of exotic species and pathogens, and nutrient pollution. The magnitude 
of such effects varies considerably among aquaculture systems (Naylor et al., 2000).  
In addition, the increased production inputs suggest a similar range of production outputs, 
potentially coupled with environmental impacts (Samuel-Fitwi et al., 2012). Impacts can be on 
local scale (e.g. ecosystem imbalances occurring when carrying capacity exceeds in the recipient 
water body) (Samuel-Fitwi et al., 2012) or global scale (e.g. global warming, acidification) 
(Pelletier et al., 2007). Large-scale development in aquaculture potentially causes wider impacts 
due to the substantial release of nutrients or chemical wastes directly into the environment, or 
due to the effects of escaped fish or disease transfer on wild populations (Bostock et al., 2010). 
Pollution problems tend to be most severe in shallow or confined water bodies and regions where 
intensive aquaculture systems are concentrated (Naylor et al., 2000).  
In light of the rapid aquaculture expansion, private standards and related certification schemes 
are commonly used in efforts to ensure the environmental sustainability in the aquaculture 
industry and to protect brand owners and retailers against a boycott from environmental groups 
and negative media coverage (Washington and Ababouch, 2011). Several organizations, e.g. the 
Global Aquaculture Alliance and the World Wildlife Fund, took the initiative to develop ecolabel 
certification standards for aquaculture species, i.e. Best Aquaculture Practices (BAP) and 
Pangasius Aquaculture Dialogue (PAD), respectively (Marschke and Wilkings, 2014). Moreover, 
a Global Benchmark Tool launched in October 2015 by the Global Sustainable Seafood Initiative 
(GSSI) can offer multiple benefits for producers, buyers, NGOs and also consumers (GSSI, 2016). 
Presently, mechanisms to regulate the use of drugs and wild-caught seed in aquaculture, to 
assess its environment and biodiversity impacts, and to monitor its effluent discharges are in 
place but they are not well implemented (FAO, 2014). There is a strong focus on improving the 
efficiency of resource utilization in aquaculture through management, integration with agriculture, 
fisheries or other productive or ecosystem management activities, and more technological 
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solutions that are available through advances in engineering and bioscience (Bostock et al., 
2010). Looking forward, the interactions between aquaculture and environment need to be better 
evaluated with respect to sustainability. Understanding both its environmental impacts and 
mitigation measures (Lotze et al., 2006), are important for designing responsible aquaculture 
production systems in order to assure that environmental services are beneficially used but not 
over-exploited.  
 Environmental concerns on Pangasius aquaculture 
Vietnamese Pangasius is entering history books as a prime example of business aquaculture 
adopted by a developing country; however, it is often considered a controversial product 
originating from suspicion over its sustainability at a time when there is no general consensus of 
its environmental and social impacts (Bush et al., 2009; FAO, 2014). On average, one tonne of 
Pangasius frozen fillets releases 740 kg biochemical oxygen demand (BOD), 1,020 kg chemical 
oxygen demand (COD), 2,050 kg total suspended solids (TSS), 106 kg nitrogen and 27 kg 
phosphorus, of which wastewater from the fish ponds contributes 60-90% and wastewater from 
processing facilities contributes 3-27% of the total emissions (Anh et al., 2010). Farms mainly 
discharge water directly into the main river (63%), primary canals (19%) and rice fields or gardens 
(11%) (Phan et al., 2009). However, the combined waste emissions from Pangasius farming and 
processing account for less than 1% of the TSS, nitrogen and phosphorus loads of the Mekong 
River (Anh et al., 2010). Compared to other agricultural activities in the Mekong Delta, Pangasius 
farming still discharges a negligible amount of nitrogen into the main river (Phan et al., 2009).  
Nonetheless, Vietnamese Pangasius has been plagued with allegations that Pangasius is unsafe 
for human consumption due to its farming in dirty waters (Little et al., 2012). A lack of confidence 
in how Vietnam regulates this seafood sector, along with the desire of the government and 
Pangasius producers to maintain and advocate the international fish trade, especially at the 
European Union and United State markets, results in a growing interests in the certification 
schemes recognized by the international markets (Marschke and Wilkings, 2014) to provide 
assurances of more sustainable aquaculture practices. A number of sustainability standards 
covering a range of issues, e.g. production guidelines, environmental management, social, legal 
and chain-related issues and food safety, have been developed for Pangasius production (Bush 
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et al., 2009). Of these, the following four certification schemes are considered to have the greatest 
potential impact on Pangasius farming: Global Partnership for Good Agricultural Practice 
(GlobalGAP) certified by the GlobalGAP, Pangasius Aquaculture Dialogue (PAD) certified by the 
Aquaculture Stewardship Council (ASC), Best Aquaculture Practices (BAP) certified by 
Aquaculture Certification Council (ACC) and Vietnamese  Good Agricultural Practices (VietGAP) 
certified  by the Vietnam Certification Centre (QUACERT) (Belton et al., 2011; Marschke and 
Wilkings, 2014; VASEP, 2014). The GlobalGAP, PAD and BAP schemes are private international 
standards with certification performed via independent, accredited third-party certification bodies 
while VietGAP, developed and managed by the Vietnamese government (i.e. QUACERT), is an 
example of first-party certification (Table 1.1). This national certification scheme acts as an entry 
standard into the international certification schemes (Marschke and Wilkings, 2014). 
Table 1.1. Key aquaculture certification schemes operating in Vietnamese Pangasius production (ASC, 
2016; BAP, 2016; GlobalGAP, 2016; Marschke and Wilkings, 2014; VASEP, 2014) 
Standard 
scheme 
Certifier By August 
2015 
Specification 
Global 
Partnership for 
Good 
Agricultural 
Practice 
(GlobalGAP) 
GlobalGAP 27 GlobalGAP-
certified 
producers 
Established in 1997 as EUREPG.A.P., an 
initiative by retailers belonging to the Euro-
Retailer Produce Working Group, to show a 
commitment to good farming practices at three 
scopes: crop, livestock and aquaculture. 
Business to business, no label. 
Pangasius 
Aquaculture 
Dialogue (PAD) 
Aquaculture 
Stewardship 
Council 
(ASC) 
42 ASC-
certified farms 
 
Established in 2010 by World Wildlife Fund 
(WWF) and Dutch Sustainable Trade Initiative 
(IDH) to manage the global standards of 
responsible aquaculture at individual farms, 
including Pangasius. 
Business to consumer, label. 
Best Aquaculture 
Practices (BAP) 
Aquaculture 
Certification 
Council 
(ACC) 
15 BAP-
certified 
facilities          
(13 farms,          
2 hatcheries) 
Established in 1997 by the Global Aquaculture 
Alliance (GAA) to promote responsible practices 
across the aquaculture industry, including farms, 
feed mills, hatcheries and processing facilities.  
Covering criteria for finfish and crustaceans, 
salmon, mussel, shrimp, Pangasius.  
Business to consumer, label. 
Vietnamese  
Good 
Agricultural 
Practices 
(VietGAP) 
Vietnam 
Certification 
Centre 
(QUACERT) 
Information not 
available 
Established in 2011 as Vietnam’s national 
guidelines for Good Aquaculture Practices. 
Compliance with VietGAP guidelines reduces the 
certification fees for other certification schemes, 
i.e. GLOBALGAP., ASC.  
Business to business and business to consumer, 
label. 
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In addition to the application of certification schemes in farming, improvements in the processing 
phase have also been developed. Harvested Pangasius is actually filleted into different 
compartments, including fillet, head, bone, crushed meat, skin, belly fat, swim bladder, stomach, 
viscera, kidney and blood. The fillet is considered to be the main product, yet the remaining parts, 
considered processing waste, are estimated to be approximately 65 – 66% of the total live weight. 
Head and backbone contribute the biggest part (40.4%) of the body (Nortvedt, 2007; Thuy et al., 
2007). Quite huge amounts of this waste would result in a large number of environmental 
problems with respect to handling and disposal due to its diverse characteristics and an increased 
treatment cost. In addition to good management and proper treatment of the waste, fish by-
product valorisation is considered an environmentally friendly and cost-beneficial option since fish 
resources have a variety of applications, e.g. fishmeal, fish oil, fish minces, collagen, gelatines, 
protein hydrolyses, enzymes, biodiesel, biogas, and food packaging (Arvanitoyannis and 
Kassaveti, 2008; Blanco et al., 2007; Jayathilakan et al., 2011). Specifically, Pangasius 
processing waste is potentially valorised to biodiesel (Nortvedt, 2007; Ronde et al., 2010) and 
collagen or gelatine (Jamilah et al., 2011; Singh et al., 2011), resulting in a great number of 
advantages with respect to environmental and economical perspectives. For instance, 
Pangasius-derived biodiesel, studied within the scope of Enerfish project co-funded by the 
European Commission, induces a reduced emission of 41% carbon monoxide (CO), 78% Carbon 
dioxide (CO2), 55% particulate matter (PM), 80% Polycyclic aromatic hydrocarbons (PAHs), 90% 
nitro-polycyclic aromatic hydrocarbons (NPAHs) and 100% sulphates as compared to petroleum-
based diesel (Enerfish, 2009). Regarding collagen, its price on the world market (25-30 USD/kg) 
is 30-fold higher than that of fishmeal (Ferraro et al., 2010). However, these valorisation pathways 
are still limited to experimental, pilot or small industrial scales. Pangasius processing waste is for 
these more commonly further processed to fishmeal and fish oil in Vietnam. 
Overall, Pangasius is considered to be a relatively new and fast developing sector which affects 
to a large extent the society, the economy and the environment of the region. More attention has 
to be paid to this sector, translated into the application of national or international certification 
schemes and initiatives in the valorisation of processing waste. A quantitative assessment of 
these aspects with respect to environmental sustainability is therefore essential. 
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 Environmental sustainability assessment tools for aquaculture  
The sustainability concept has been described in terms of three pillars: economic, social, and 
environmental. Economic sustainability aims to attain the maximal economic production while 
social sustainability considers the ability of a social system to function at a defined level of social 
well-being and harmony. Environmental sustainability refers to the ability of ‘nature’ to maintain a 
defined level of environmental quality and natural resource extraction rates (Elkington, 1999), 
which is the main focus of this work.  
 Life cycle assessment (LCA) 
Most current methodologies for assessing sustainability do not encompass an explicit definition 
of the cause-effect chain and have no scientific and transparent calculation methodology 
(Gaasbeek and Meijer, 2013). Frameworks, e.g. codes of conduct, guides of good practice, 
standards, labels, sustainable development indicators in aquaculture, are mostly based on very 
unbalanced approaches in terms of the dimensions of sustainable development that are taken 
into account (Lazard et al., 2014). Life cycle assessment (LCA) is considered to be an exception: 
it allows to identify trade-offs between different impacts as well as the shifting of burdens from 
one life cycle stage to another (Gaasbeek and Meijer, 2013). LCA is a well-established discipline 
that attempts to address the environmental aspects and potential environmental impacts (e.g. 
resource use and environmental consequences of emissions) of products or services over a share 
of or the full life cycle, i.e. from raw material acquisition through production, use, end-of-life 
treatment, recycling and final disposal (ISO, 2006a), see Figure 1.8. Hence, the name, LCA, is 
derived from the concept that all products have a ‘life’ starting and ending at pre-defined points 
that set the boundaries for the assessment (Boyd et al., 2007).  
LCA helps to understand the environmental consequences of human actions by modelling cause-
effect relationships in the environment (Hellweg and Canals, 2014) and to maximize 
improvements by identifying the most significant impacts and stages in the life cycle (Lehtinen et 
al., 2011). The greatest strength of LCA is its utility in describing broad-scale impacts of a 
collective activity (Boyd et al., 2007). Hence, LCA-derived scientific knowledge plays a prominent 
role to reduce the environmental impacts of products at different phases of their life cycle. The 
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LCA outcome indicates potential environmental effects and can thus be used for decision makers 
in industry and (non-)governmental organizations though the actual impacts on category 
endpoints and the exceeding of thresholds or safety margins or risks are not predicted (ISO, 
2006b). 
 
(a) ‘cradle-to-grave’ approach 
 
 
 
(b) ‘cradle-to-cradle’ approach 
 
Figure 1.8. The approaches to analyse the life cycle of a product or service (Lehtinen et al., 2011) 
 
 
The methodology for conducting a conventional LCA has been standardized by the International 
Standards Organization: ISO 14040 and 14044 (ISO, 2006a,b), including four main phases: (i) 
goal and scope definition; (ii) life cycle inventory; (iii) life cycle impact assessment; and (iv) result 
interpretation (Figure 1.9).  
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Figure 1.9. Framework of life cycle assessment (ISO, 2006a) 
1.3.1.1 Goal and scope definition 
The first step, goal and scope definition, aims to accurately draw a boundary for the LCA study 
by clearly stating its objectives (e.g. the reasons for executing the study, the intended applications 
and audiences, etc.) and its scope (i.e. the detail and depth) as well. Following aspects should be 
considered and described: the product system and its function, the functional unit, the system 
boundaries, possible allocation procedures, the environmental impact assessment methodology, 
the reference flows, data quality requirements, assumptions and limitations (ISO, 2006a,b). The 
function unit (FU) of the system is a key within LCA. The functional unit entails what is actually 
being delivered to the user, e.g., one live-weight tonne of fish delivered at farm gate,  and thus 
allows a comparison of products and services to deliver the user benefit in different ways 
(Lehtinen et al., 2011). The functional unit corresponds with a product amount that fulfils a certain 
function. All inputs and outputs, i.e. material, energy and wastes, quantified in the life cycle 
inventory step (LCI) are normalized to the functional unit as a reference. The system boundaries 
encompass which unit processes are included within the product’s life cycle. The selection of the 
system boundaries and functional unit should be consistent with the goal and scope of the study 
(ISO, 2006a,b). 
1.3.1.2 Life cycle inventory (LCI) 
Secondly, the life cycle inventory (LCI) phase involves gathering data of the foreground system, 
i.e. relevant in- and outflows (i.e. materials/energy from and waste/emissions to natural 
 
Goal and Scope 
definition 
Inventory analysis 
(LCI)
Impact assessment 
(LCIA)
Interpretation
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environment) attributed to a specific product or service to meet the defined goal. Besides, the LCI 
of the background processes is additionally collected based on available LCA databases, e.g. 
Ecoinvent, and literature as well. This phase also includes modelling to generate necessary data. 
Typically, several hundreds of emissions and resources are quantified (Hellweg and Canals, 
2014).  
The smallest element considered in the LCI analysis for which input and output data are quantified 
is named ‘unit process’. There are two types: (i) single-operation unit process that can physically 
not be further subdivided, and (ii) black-box unit process that includes more than one single-
operation unit processes and can be further subdivided. In the case where the  black-box unit 
process provides multiple functions/products (e.g. different products: frozen fillets and by-
products produced in Pangasius processing system), ‘a black box’ allocation (e.g., allocation of 
frozen fillets and by-products at factory level) can result in distortions of the results (JRC-IES, 
2010b). Consequently, it is important to avoid this problem by subdividing the multifunctional 
black-box unit process to mono-functional single operation unit processes of which data are 
collected individually. Whenever a single-operation unit process is multifunctional, there is a need 
of allocation. Allocation in LCI analysis is one of the most long-standing methodological issues in 
LCA (Suh et al., 2010) since the allocation choice can drastically influence total life cycle impacts 
and induce major discrepancies between outcomes as well. Two generic methods of handling 
allocation are distinguished: partitioning and system expansion (substitution) (Guinée et al., 2002; 
ISO, 2006a). These two methods reduce systems with multi-output processes to systems with 
single-output processes. In the partitioning approach, the multi-output processes are split into a 
number of independently single-output processes. Each of these single-output processes is 
associated with only a share of the environmental burdens (resource use, emissions), including 
both direct and indirect (i.e. concerning the manufacture and supply chain of the product inputs: 
materials, electricity, energy…) burdens (Figure 1.10). The shares are defined by allocation 
factors which can be based on physical (e.g. mass, energy content, exergy content…) or 
economical properties; the former is preferred. Allocation factors typically add up to ‘one’ and are 
equal for both direct and indirect burdens in most cases (Suh et al., 2010). In the system 
expansion approach, the product system is expanded to include the additional functions related 
to the co-products (ISO, 2006b), see Figure 1.10. For example, the amount of inputs and outputs 
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attributable to specific fish production in the multifunctional integrated agriculture-aquaculture 
system can be subtracted by referring to a monoculture system that produces only the respective 
fish. The subtraction chain continues until it reaches a single-output process.  
 
Figure 1.10. Conceptual illustration of (a) partitioning and (b) system expansion (Suh et al., 2010) 
 
According to ISO 14001, wherever possible, partitioning allocation should be avoided either 
through subdividing the multifunction process into sub-processes and collecting separate data for 
each sub-process, or through system expansion (Cederberg and Stadig, 2003; ISO, 2006a). The 
latter is generally recognized as a valid method for avoiding allocation within attributional LCA 
(Curran, 2007; Thomassen et al., 2008). Where allocation cannot be avoided, partitioning should 
be based on a physical relationship between the environmental burdens and the functions, i.e. 
physical properties (mass, exergy content…). Otherwise, the allocation should reflect other 
relationships between environmental burdens and the functions (Cederberg and Stadig, 2003; 
ISO, 2006a). 
1.3.1.3 Life cycle impact assessment (LCIA) 
The third phase, i.e. LCIA, translates the LCI results into their respective environmental impacts 
at global and/or regional scales and it provides information to the fourth phase (i.e. life cycle 
interpretation). This phase includes (i) selection of impact categories, category indicators and 
characterization models; (ii) assignment of LCI results to the selected impact categories 
(classification); and (iii) calculation of category indicator result (characterization) (ISO, 2006a,b). 
This result is expressed as an impact score in a unit common to all contributions within the 
selected impact category by applying the so-called ‘characterisation factors’ (CF), e.g. kg of CO2-
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equivalents for greenhouse gases contributing to the ‘climate change’ category. The CF of CO2 
for global warming potential over 100 years is 1 whilst CH4 has a CF of more than 20, reflecting 
its higher climate change potential (JRC-IES, 2010a). 
During recent years, a large number of LCIA methods have been developed to assess the 
environmental performance of commodities within the LCA framework. They characterize the 
impact at midpoint or endpoint levels, and for both in integrated LCIA methodologies (see Figure 
1.11).  
 
Figure 1.11. Schematic steps from inventory to category endpoints of an LCIA method, e.g. the ReCiPe 
(Goedkoop et al., 2013b). 
 
Characterisation at midpoint level models the impact using an indicator located somewhere along 
(but before the end of) the impact mechanism. For example, the ‘global warming’ mechanism 
involves a series of steps, starting with the release of greenhouse gases, and ending with impacts 
on humans and ecosystems. The pathway of greenhouse gas emissions is different before the 
point where the greenhouse gases have an effect on the radiative forcing, but identical beyond 
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that point. Consequently, the radiative forcing provides a suitable indicator for the midpoint impact 
category of ‘global warming’. Characterisation at the endpoint level requires modelling all the way 
to the impact on the entities represented by the three Areas of Protection (AoPs, i.e., human 
health, natural ecosystems and natural resources) (JRC-IES, 2010a). The midpoint level covers 
a higher number of different impact categories and its results are more accurate and precise 
compared to the impact characterization on three areas of protection at the endpoint level (JRC-
IES, 2010b). However, the latter are more tangible and aggregated. 
The existing LCIA methods cover various indicators which can be subdivided into two classes: 
resource-related indicators and emission-related indicators. Regarding resource-related 
indicators, different LCIA methods exist that account for resource use or its impact, typically the 
Cumulative Energy Demand (CED) (Frischknecht et al., 2010), the Cumulative Exergy Demand 
(CExD) (Bosch et al., 2007), the Solar Energy Demand (SED) (Rugani et al., 2011) and the 
Cumulative Exergy Extraction from the Natural Environment (CEENE) (Dewulf et al., 2007). 
These methods convert various resource types in single common units of mass (kg), energy (MJ) 
or exergy (MJ) (Huysveld et al., 2015a; Swart et al., 2015). The CEENE method remediates the 
shortcomings of other resource-oriented indicators such as CED and CExD by evaluating land 
occupation and non-energetic resources in addition to energy carriers (Swart et al., 2015). 
Consequently, such approach is recommended as the most appropriate one of the available 
thermodynamic resource-related indicators for resource accounting (Liao et al., 2012). This 
method covers eight different categories, including land resource including biomass, mineral, 
metal ores, fossil fuels, nuclear energy, renewable resources excluding biomass, water resource 
and atmospheric resource, which are all expressed in a single unit, i.e. Joules of exergy (J). The 
exergy concept, which originates from the second law of thermodynamics, is stated to be an 
appropriate quantifier for both the amount and quality of resources, i.e. material and energy flows. 
A more comprehensive explanation about the exergy concept can be found in Section 1.3.3 
‘Exergy analysis (EA)‘. 
During this PhD work (Chapters 2 to 5), the CEENE v.2013 method was applied (Alvarenga et 
al., 2013) which prevents a double counting based on a clear distinction between natural and 
human-made systems. The land resource uses were quantified as (i) the exergy content of the 
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harvested biomass resource for natural systems with very low to no human management (e.g. 
primary forest) and (ii) the exergy content of the potential natural net primary production (NPP), 
the NPP that the area would produce without the human intervention, for human-made systems 
with intensive human management (e.g., intensive agriculture). Different site-dependent 
characterisation factors (CF) were used for land use in human-made systems, for instance: 41.2 
MJ m-2 year-1 for Vietnam, 23.5 MJ m-2 year-1 for India, and 26.9 MJ m-2 year-1 for Belgium, 
retrieved from the work of Alvarenga et al. (2013). In this PhD work, these site-dependent factors 
were applied to calculate the relevant land use of agriculture-based inputs (e.g. feed ingredients), 
depending on the feed origins, while the minor land occupation of industry-based inputs (e.g. 
transport, chemicals, etc.) was measured based on the application of the site generic 
characterisation factor (world average, 21.5 MJ m-2 year-1). 
Some other LCIA methods, i.e. impact-related methods, address a wide range of different 
resource- and emission-related indicators, such as Eco-indicator 99, CML 2002 (Guinée et al., 
2002), EDIP 2003 (Hauschild and Potting, 2005), RECIPE (Goedkoop et al., 2013b), etc. They 
differ with regard to the types and number of considered indicators and underlying environmental 
models. The RECIPE method is considered to be a recent holistic LCIA method since it is based 
on the CML and Eco-indicator methods and comprises a harmonised category at both midpoint 
and endpoint level with eighteen impact categories, see Figure 1.11 (Goedkoop et al., 2013b). 
This method was applied in Chapter 5 to quantify the impacts on emissions-related categories, 
in particular global warming (GW), acidification (AC), freshwater (FE) and marine eutrophication 
(ME) of both non-certified and certified intensive Pangasius farms. 
1.3.1.4 Life cycle interpretation 
Finally, the life cycle results are interpreted and discussed to formulate conclusions, to propose 
improvements and to indicate limitations and recommendations to decision-makers as well. The 
interpretation should reflect the fact that the LCA results indicate potential environmental effects 
and do not predict the exceeding of thresholds or safety margins or risks (ISO, 2006a,b).  
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 LCAs of aquaculture 
As introduced in Sections 1.1 ‘The rise of aquaculture’ and 0 ‘Is aquaculture environmentally 
friendly?’, the recent rapid expansion of aquaculture partly achieved through system 
intensification has been accompanied by a variety of environmental and social concerns. This 
sector is under increasing pressure to enhance its resource use and overall environmental 
sustainability. Assessing environmental performance of aquaculture is challengeable because 
activities and potential impacts are extremely complex and diverse. In such context, a great 
number of indicators which reveal quantities of resources used (e.g. feed, liming materials, water, 
land, and energy) or waste discharged in aquaculture are designed to easily compare the 
resource use efficiency and environmental performance among aquaculture species and systems 
and with other animal agriculture systems (Boyd et al., 2007). Next, a wide range of 
tools/frameworks have been advanced to assess various aspects of environmental performance 
of seafood production systems, e.g. Fishprint, the Global Aquaculture Performance Index (GAPI) 
and LCA (Henriksson et al., 2013). LCA has become the most used tool to identify key 
environmental impacts of aquaculture products over their life cycle, including resource 
consumption impact, as well as support decision makers to develop certification schemes or eco-
labelling criteria (Cao et al., 2013). LCA covers both direct (e.g. in the farming and processing) 
and indirect (i.e. in the manufacture and supply chain of equipment, feed ingredients and other 
inputs) resource use and emissions. 
Various LCA studies on the sustainability of different aquaculture systems and products have 
been published and subsequently reviewed, e.g.  Pelletier and Tyedmers (2007); Ayer et al. 
(2007); Cao et al. (2013); Henriksson et al. (2012) and Henriksson et al. (2015b). These reviews 
revealed that aquaculture-based LCA has been applied to a great variety of farming technologies 
(e.g. recirculation system, cages, ponds, integrated systems, etc.), species (e.g. turbot, trout, 
salmon, Tilapia, etc.) and locations (e.g. France, Canada, Thailand, etc.). Different LCA issues, 
e.g. functional unit, allocation, impact categories and impact assessment methodologies, have 
been discussed as well in these reviews.  
Currently, aquaculture-based LCAs have focused on mainly more developed economies: Europe 
(e.g. France, Spain) and North America (e.g. Canada). Asian aquaculture is noteworthy for its 
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share, i.e. 83-89% to the world aquaculture production and 30-50% to the total fish production in 
the 1990-2012 period (FAO, 2014). However, aquaculture systems in this area were studied in 
only 6 out of 18 aquaculture-based LCAs published in peer-reviewed journals or conference 
proceedings in the 2005-2011 period (Cao et al., 2013; Henriksson et al., 2012). Moreover, data 
on food processing is generally lacking (Sanjuan et al., 2014); little attention has been paid to the 
environmental impacts of processing and distribution of aquaculture products, e.g. only 4 out of 
12 aquaculture-based LCAs (i.e. ten peer-reviewed articles found in ISI Web of Knowledge 
(accessed on 30-Nov-2010) and two PhD theses) (Henriksson et al., 2012).  
Until 2012, the environmental sustainability of Vietnamese Pangasius aquaculture cultured in the 
integrated and intensive systems was quantified with respect to emission-related categories, e.g. 
global warming, acidification, eutrophication and toxicity impacts (Bosma et al., 2011; Kluts et al., 
2012; Phong et al., 2011), and resource-related categories, through the CEENE method 
(Huysveld et al., 2013). Assessing environmental impacts of Pangasius products (i.e. including 
processing and distribution phases) over the products’ life cycle and the benefits of recent 
improvements in Pangasius aquaculture (e.g. application of certification schemes) is still lacking 
in the literature. Moreover, while the integrated Pangasius system is a form of the Vườn-Ao-
Chuồng (VAC) system, the role of biogas digestion with respect to environmental benefits in the 
enhanced Vườn-Ao-Chuồng-Biogas (VACB) system has not been investigated through the LCA 
perspective. 
 Exergy analysis (EA) 
Regarding the environmental sustainability assessment tools for aquaculture, exergy (EA) and 
mass analysis (MA) can complement LCA results (i.e. life cycle boundary) in order to assess 
location-specific efficiency of a specific process or facility (i.e. gate-to-gate boundary). 
Inefficiencies of the overall process chain are therefore better identified and then optimized 
(Dewulf et al., 2005). The integration between exergy analysis and the conventional LCA, named 
Exergetic Life cycle assessment (ELCA), also aims to reduce cumulative exergy losses and thus 
improve the resource efficiency of the complete life cycle (Dincer and Rosen, 2013). The ELCA 
framework consists of the four phases similar to the conventional LCA, except the inventory 
analysis, which can be more detailed due to the quantification of all material and energy flows in 
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terms of exergy. Within this framework, the above-mentioned CEENE method was developed to 
account for a life cycle’s overall resource footprint. 
Exergy is based on the second law of thermodynamics, which states that all macroscopic 
processes are irreversible. The term exergy comes from the Greek words ‘ex’ (out of) and ‘ergon’ 
(work), referring to its definition: the maximum work potential of a resource (i.e. a material or an 
energy flow) when bringing it into equilibrium through reversible processes with the reference 
natural environment (Dincer and Rosen, 2013; Szargut et al., 1988). In other words, exergy is 
both a function of the resource and the (selected) reference system, which is considered as an 
advantage. In contrast to energy, exergy can be consumed or destroyed due to the irreversibility 
of any real process which involves a non-recoverable loss of exergy, expressed as the product of 
the ambient temperature and the entropy generated. Hence, exergy qualifies both quality and 
quantity of material and energy flows (Dewulf et al., 2008).  
Exergy has several types: physical, chemical, potential, kinetic, electric, nuclear and radiation 
exergy (Szargut et al., 1988); the last three constitute other forms of energy (Dewulf et al., 2008). 
Potential and kinetic exergy can be safely disregarded for the exergy analysis of most comment 
industrial processes, except for hydropower and wind energy (Wall, 1990). Calculating physical 
and chemical exergy, the most important exergy types, generally makes up the largest part of the 
exergy content.  
The physical exergy equals to the maximum amount of work that can be obtained when a 
substance is brought reversibly from its initial state (Ti, Pi) to the reference state (To, Po) by 
physical processes involving only thermal interaction with the environment (Kotas, 1995). To and 
Po are the reference temperature (295.15 K) and pressure (1 atm) defined by Szargut et al. (1988). 
The physical exergy (Exph) of the substance can be calculated from its enthalpy (H) and entropy 
(S) at the initial and reference state as Eq. (1.1) (Dewulf et al., 2008). 
Exph = (Hi – Ho) – To (Si – So) (1.1) 
where Hi and Ho are the specific enthalpy, Si and So are the specific entropy at the initial and 
reference state, respectively. To is the reference temperature (295.15 K). 
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The chemical exergy is obtained when the components of the material/energy carrier are first 
converted to reference compounds and then diffused into the environment, i.e. the reference 
(dead) state (Kotas, 1995). In other words, the chemical exergy of the substance is different from 
zero if it is not in chemical equilibrium with the dead-state environment. Chemical exergy of 
reference compounds at standard conditions, chemical elements and most common chemical 
groups can be retrieved from Szargut et al. (1988). For non-listed substances, their chemical 
exergy can be calculated by the Gibbs free energy method, the group contribution method and 
exergy-to-energy ratios (de Vries, 1999; Dewulf et al., 2008; Kotas, 1995). Moreover, the mixing 
exergy should also be considered if concentrations are different from standard conditions. 
However, this is often negligible compared to the high exergy amounts of the compounds. When 
conducting an exergy analysis, a gate-to-gate balance of a system or process is established 
based on the exergy content of all inputs and outputs (Figure 1.12).  
 
Figure 1.12.  Second law analysis of a real process, adapted from Dewulf et al. (2008) 
 
The exergetic efficiency of a process, i.e. named ‘process exergetic efficiency’, is calculated 
based on the ratio of the exergy output and the exergy input (Eq. 1.2).  
Process exergetic efficiency ( %) = 100 x exergy output (J)/  exergy input (J)  (1.2) 
However, the ‘process exergetic efficiency’ does not always provide an adequate characterization 
of the thermodynamic efficiency of processes because a part of the exergy output is not useful, 
i.e. an exergy content of wastes released to the environment (Wall, 2010). Consequently, the 
‘product exergetic efficiency’, i.e. the ratio of the exergy of useful products and the exergy input, 
reflects better the conversion of exergy in the process itself (i.e. a fraction of the incoming exergy 
ends up in the desired product, Eq. 1.3).  
Product exergetic efficiency ( %) = 100 x exergy product (J)/  exergy input (J) (1.3) 
 % =
𝑬𝒙𝒆𝒓𝒈𝒚 𝒐𝒖𝒕𝒑𝒖𝒕
𝑬𝒙𝒆𝒓𝒈𝒚 𝒊𝒏𝒑𝒖𝒕
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At the life cycle level, a ‘product exergetic efficiency’, called the Cumulative Degree of Perfection 
(CDP), was calculated by the ratio of the exergy content of a product to the CEENE of its 
production chain (Eq. (1.4)). CDP implies how efficient the overall product supply chain is.  
CDP (Joules/Joules) = Exergy of product / CEENE of product  (1.4) 
Exergy analysis is proven as a tool in environmental impact analysis which is possibly employed 
in the most mature field, particularly with respect to resource efficiency accounting, one of the 
major challenges in the development of sustainable technology. However, the exergetic efficiency 
obtained through exergy analysis cannot be used as the only indicator to evaluate whether one 
process is more environmentally sustainable than another (Dewulf et al., 2008). 
 Simplification in Life cycle assessment 
The LCA approach has been considered as a way to better understand and identify more 
environmentally sustainable practices in aquaculture, a highly diverse activity with respect to 
technologies and cultivated species. However, the existing LCA methodologies require complex 
modelling and time-consuming data collection (Horne et al., 2009). Consequently, there is a need 
for using simplified tools. To simplify a full LCA, a simplified LCA method can firstly be conducted 
according to guidelines not in full compliance with the ISO 14040 and 14044 standards (Guinée 
et al., 2002). A large number of simplified LCA-methods have been developed, that can be either 
a matrix LCA (i.e. qualitative or semi-quantitative) or a screening LCA (quantitative using readily 
available data or semi-quantitative) (Hochschorner and Finnveden, 2003). Moreover, one can 
apply simplified equations which are established based on a coupling of inferred LCAs and 
regression models to estimate the environmental impacts of different production systems (e.g. 
aquaculture, agriculture) via a limited number of key factors  (Avadi et al., 2016; De Soete et al., 
2014; Padey et al., 2012). The latter is selected to simplify the estimation of resource use for 
Pangasius feed and fish since Pangasius producers would benefit from being able to easily 
quantify the resource use efficiency on their own.  
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 Objectives and outline of the work 
Striped catfish, Pangasius Hypophthalmus, aquaculture in the Mekong Delta in Vietnam is widely 
known as a success aquaculture story due to its tremendous expansion from a low production 
base for local consumption to one of the Vietnam’s most important export products by both volume 
and value. This has resulted in a great deal of environmental problems with respect to extraction 
of natural resources (e.g. water and land, etc.) and emissions to the environment (e.g. global 
warming, eutrophication, habitat modification, etc.). Consequently, how to assess the 
environmental impacts of this system and how to make it more environmentally sustainable have 
become essential issues. Next to that, certification schemes (e.g., ASC, GlobalGAP, etc.) have 
become significant features of international fish trade and marketing to shift aquaculture practices 
toward the environmental and social sustainability, resulting in an increasing number of 
Pangasius producers following at least one of the certification schemes recognized by 
international markets. However, the environmental impact of applying certification schemes in 
Pangasius culture, compared to non-certified intensive farming, has not been addressed in LCA 
yet. 
In this given context, how to assess and/or simply estimate the environmental impact of fish 
products from freshwater aquaculture in Vietnam (i.e., the Mekong Delta), specifically from the 
two prime systems: (i) the integrated system of agriculture, aquaculture and biogas production 
(IAA system) and (ii) the monoculture system (i.e., Pangasius products and innovations in 
Pangasius farming) has become essential. To meet this purpose, an environmental assessment 
was performed for this sector at both process level (through exergy analysis) and life cycle level 
(through life cycle assessment coupled with statistical tools). Opportunities for improvement 
towards the environmental sustainability, particularly the resource use, can then be identified 
along the product life cycle.  
The following three detailed objectives were therefore defined for this PhD study: 
▪ Assessing the environmental impact, with a focus on resource indicators, of fish 
aquaculture in the Mekong Delta, specifically the integrated aquaculture (i.e., pig-fish-
biogas) and the Pangasius monoculture with a comparison of certificated versus non-
certified farms  
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▪ Investigating the environmental impact of resource use of fish products from aquaculture 
(i.e., Pangasius), including frozen and modified atmosphere packaging (MAP) fillets, 
exported to the European market (more precisely Belgium).  
▪ Deriving straightforward equations to easily estimate the resource use (i.e. cumulative 
exergy consumption) of Pangasius feed and fish production life cycles.  
To realize these objectives, different studies have been performed. The outline of this dissertation 
is schematically outlined in  
Figure 1.13. 
To address the first objective, the resource use, more precisely CEENE, of two integrated pig-
biogas-fish systems differing in recycling of pig manure and digestate in aquaculture (Chapter 2) 
was assessed. Practically, environmental hotspots and opportunities for improvement with 
respect to natural resource use were identified at the process and life cycle levels, using an exergy 
analysis (EA) and life cycle assessment (LCA), respectively.  
In light of the second objective Additionally, the environmental impact of non-certified versus 
certified (Aquaculture Stewardship Council, ASC) intensive Pangasius aquaculture were 
evaluated (Chapter 3) and compared, using statistically supported LCA coupled with data 
uncertainty (Chapter 5). Typical environmental impact categories of an aquaculture production 
system, including resource-related (water, land, total resources) and emission-related (global 
warming, acidification, freshwater and marine eutrophication) categories, were considered.  
In light of the second objective, the resource use of Pangasius products (i.e. frozen and modified 
atmosphere packaging fillets) and the supply chain to the European Union (i.e. Belgium) market 
over their cradle-to-facility gate are also investigated. Sensitivity of scenario choices in the 
processing steps was also analysed (Chapter 4). 
To meet the third objective, a methodological framework in which simple equations/models are 
used, as an alternative for a full complex LCA, to estimate the resource use (CEENE amount) of 
Pangasius feed and intensive aquaculture is proposed. This framework is based on linear 
correlations between the impact and certain predictor variables (e.g. amount of water abstracted, 
derived out of the hotspot identification) (Chapter 3). 
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Chapters 6 presents overall conclusions related to the environmental impact of fish aquaculture 
in Vietnam, more specifically Pangasius production, and perspectives on LCAs of aquaculture 
and feasibility of alternatives or innovations in Pangasius culture as well.  
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 Introduction 
Following the onset of industrialization and population growth, the build-up of waste has globally 
caused a rapid deterioration of sanitation and human life quality, in addition to fast resource 
depletion. In this context, more environmentally sustainable activities are currently encouraged, 
resulting in, for example, a shift away from traditional waste disposal (i.e. landfill) to integrated 
resource recovery (IRR) from waste flows. In the IRR concept, ‘waste’ is seen as a potential 
resource that can be valorised into useful products through reuse, recycling and/or recovery. This 
approach potentially leads to a lower damaging impact on human and ecosystem health due to 
less resource extraction and less pollution by waste streams. IRR is of great value and has been 
applied in various fields, such as agriculture, aquaculture, chemical industry, food industry, etc.  
Animal products serve an important role in the human diet as they have a high energy density 
and they are good sources of high-quality proteins, crucial minerals and vitamins (Gibson, 2011). 
In 2005, livestock products contributed around 27.9% of protein consumed worldwide and 47.8% 
in developed countries (FAO, 2009). Additionally, through applying the IRR approach livestock, 
manure has multiple uses as fertilizer for crop production, household fuel, construction material, 
feedstock for biogas production and fertilizer in aquaculture (FAO, 2011b). One among such 
promising waste management strategies is the application of integrated agriculture-aquaculture 
(IAA) in developing countries, particularly in Asia. This strategy implies integration of crop 
production, vegetable cultivation, livestock breeding and/or fish culturing, for example: rice-fish, 
water hyacinth-fish, pig-fish, poultry-fish, etc. The IAA system hence induces a nutrient balancing 
through recycling waste outputs of a subsystem as inputs of another subsystem (Nhan et al., 
2007; Prein, 2002).  
In Vietnam, IAA is a traditional and well-developed practice (Luu et al., 2002). A common IAA 
form in the Mekong Delta is the ‘Vườn, Ao, Chuồng – Garden, Aquaculture, Animal husbandry 
(VAC)’, typically including a pond stocked with fish; livestock or poultry pens situated near or over 
the pond to provide an immediate source of organic fertilization; and gardens for both annual and 
perennial crops. Recently, Vietnamese livestock production has rapidly grown. Particularly the pig 
sector had a high annual growth rate (around 6%) over the 1990-2010 period (FAOSTAT, 2014). 
This expansion will likely lead to more environmental pollution accompanied with a poor utilization 
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of nutrients and energy present in the manure. To solve these problems, anaerobic digestion has 
been recommended and introduced in the conventional VAC, termed as VACB (B stands for 
biogas). In VACB system, livestock manure is anaerobically digested to produce biogas, which is 
then burned for daily household cooking. Meanwhile, digestate can be used as a base fertilizer 
for fish culturing. Pond sediments can be used as a fertilizer for crops or orchards.  
Literature has focused on the pros of the traditional IAA system. Such an approach lessens the 
adverse environmental impacts and improves economic viability relative to intensive monoculture 
aquaculture systems (Kluts et al., 2012; Murshed-E-Jahan and Pemsl, 2011; Phong et al., 2010). 
Kluts et al. (2012) compared a monoculture system with an IAA system for Pangasius 
Hypophthalmus production in terms of nine impact categories: global warming, acidification, 
ozone depletion, photochemical oxidation, eutrophication, fossil depletion, human toxicity, 
freshwater ecotoxicology and marine aquatic ecotoxicology. For all impacts, except 
eutrophication and freshwater ecotoxicology, the integrated system performed better than the 
monoculture system. Little attention has been paid to the benefit of biogas production in IAA 
systems. Compared to the conventional agriculture system, such an integrated system with 
biogas shows a better ecological economy under good operational conditions over a period of at 
least 8 years (Wu et al., 2014) and a greenhouse gas reduction benefit (Yang et al., 2012). These 
studies, however, did not quantify the savings in resource consumption through integration. 
Questions have been raised about how efficient the IAA combined with biogas production, e.g. 
VACB, consumes resources relative to specialized mono-aquaculture. Further research is 
needed to quantify the (potentially improved) resource efficiency of the VACB systems. 
This paper, therefore, presents the quantification of resource efficiency of two VACB systems in 
the Mekong Delta of Vietnam. As pig farming is the most important animal husbandry activity in 
this area, the studied farms are both ‘Pig-Biogas-Fish’ systems. By using exergy analysis (EA) 
and the Cumulative Exergy Extracted from the Natural Environment (CEENE) method, we 
quantified the natural resource demand at two levels, process and cradle-to-farm gate life cycle, 
for the two respective farms. At life cycle level, the resource use was allocated to different 
products and by-products through partitioning and substitution within an attributional approach ( 
Figure 2.1; explained in Section 2.2 ‘Materials and methods). Moreover, we show the pros and 
cons of the integrated system relative to the monoculture system, regarding resource efficiency. 
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Figure 2.1. Overview of the VACB foreground system for two applied approaches, i.e. partitioning and 
substitution. LPG: Liquefied Petroleum Gas. 
 
 Materials and methods   
The two studied farms were described before introducing the applied methodologies.  
 Description of the production systems 
The selected farms were the first farms applying the VACB model in Can Tho in 2008, funded by 
the ‘Clean Development Mechanism’ project of Can Tho University (CTU) and the Japan 
International Research Centre for Agricultural Sciences (JIRCAS). Later on, they have been 
considered as role models to expand this technology to neighbourhood farmers. 
The two farms consisted of four similar components: a pigsty, an anaerobic digester, an 
aquaculture pond and a garden. Crossbred swine, obtained by interbreeding Landrace and 
Yorkshire pigs, were cultivated continuously. Each sow delivered 10 - 15 (average 12) piglets per 
cycle that were fed with sow’s milk and commercial feeds in approximately 150 days to deliver 
pigs of 100 kg each to the local market. Different pig feeds were used for gestation, lactation, 
nursery, and growing (Supplementary material A1). Groundwater was used as drinking water for 
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swine and for cleaning the pigsty (three times per day). Sows were kept for about 5 cycles and 
new sows were selected out of the cultivated pigs. Pig manure, along with the wastewater from 
cleaning, was discharged into the anaerobic digester. Plastic-bag digesters were used in these 
farms for biogas production. The obtained biogas was burned for daily household cooking; the 
excess biogas was stored in plastic bags or emitted to the atmosphere through an automatic valve 
when the pressure is too high. In this integrated system, Snakeskin gourami (Trichogaster 
pectoralis) larvae were cultivated to fingerlings in an average 60-day cycle (excluding 0.5 months 
for pond preparation and nursing). In addition to pelleted feed, primary in situ biomass (e.g. 
phytoplankton, algae, etc.), taking advantage of fertilization by manure or digestate, served as 
additional fish feed. Pond water was daily renewed at a low rate with water from a branch of the 
Mekong River. Pond sediment was used as a fertilizer for vegetable production at farm A or for 
fruit cultivation in the garden at farm B. Vegetables were grown and used as food for the farmer’s 
family while fruits were sold on the local market. 
There were differences in the way of reusing intermediate flows and the final products of 
aquaculture in the two studied farms (Figure 2.1). In detail, farm A used manure as digester 
feedstock (89%) and as input in fish culturing (11%), while digestate was totally disposed to the 
environment (Figure 2.2). In contrast, manure was fed to the digester in farm B and afterwards 
the digestate was fully recycled as an input for the fish pond (60%) and the broodstock pond 
(40%) (Figure 2.3). The dosage of manure and digestate added into the fish pond depended on 
subjective experience of the farmers: water colour observation, growth and mortality of fish and 
fingerlings, etc. Farm A had annually four batches of fingerlings. Farm B had 3 batches of 
fingerlings where two were harvested after 60 days (fingerlings) but one was kept for on-growing 
up to market-sized fish (210 days). Manure and digestate were fed into ponds for the last 30 days 
of the fingerling crops and during the entire on-growing period of fish. Different commercial feeds 
were used for the fingerling and the on-growing fish (Supplementary material A2). Harvested 
fingerlings and fish were sold to other grow-out farms and processing factories, respectively. 
Every 2 years, farm A selected some fingerlings that were grown to be kept as new broodstock, 
while farm B used the mature fish harvested in the last cycle for reproduction. 
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Figure 2.2. Sankey diagram of the weighted average life cycle from cradle to farm A gate (thickness of a 
flow is proportional to its exergy content; percentage (%) is out of the overall annual resource 
use of the farm: 7553 GJ year-1). ‘Manure’ flow includes fresh manure (53% of exergy content 
of flow), urine (6%) and wastewater from cleaning the pigsty. H.I.S: Human Industrial System. 
 
 
 
Figure 2.3. Sankey diagram of the weighted average life cycle from cradle to farm B gate (thickness of a 
flow is proportional to its exergy content; percentage (%) is out of the overall annual resource 
use of the farm: 3310 GJ year-1). ‘Manure’ flow includes fresh manure (51% of exergy content 
of flow), urine (6%) and wastewater from cleaning the pigsty. H.I.S: Human Industrial System. 
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 Exergy analysis (EA) 
In exergy analysis (EA), the exergy content of each flow within the production system is quantified 
and efficiencies are calculated to pinpoint process inefficiencies. A more comprehensive 
explanation about the exergy analysis can be found in Section 1.3.3 ‘Exergy analysis (EA)’. The 
G-to-G exergetic efficiency, indicating the exergy amount of product per amount of exergy input, 
was calculated over the foreground boundary of the two farms (Eq. 2.1).  
G-to-G exergetic efficiency ( %) = 100 x exergy product (J)/  exergy input (J) (2.1) 
In this study, the aquaculture process was considered as ‘a black box’, i.e. the interaction among 
aquatic vegetation (e.g. phytoplankton, algae), lower aquatic animals (e.g. zooplankton, fauna) 
and fingerlings or on-growing fish in the pond were not analysed. A more comprehensive 
explanation about the black box concept can be found in Section 1.3.1.2 ‘Life cycle inventory 
(LCI)’. The input of solar exergy, which drives primary biomass production in the pond, was 
considered when calculating the exergetic efficiency of the aquaculture system. 
 Life cycle assessment (LCA) 
Life cycle assessment (LCA) is a technique for addressing the environmental aspects and 
potential impacts throughout a product’s life cycle from raw material acquisition through 
production, usage, end-of-life treatment, recycling and final disposal (i.e. cradle-to-grave) (ISO, 
2006a). 
2.2.3.1 Scope definition  
The system boundary of this study encompassed the cradle-to-farm gate part of the life cycle. 
The actual broodstock amount raised in the farms was significantly larger compared to the amount 
destined for reproduction; resource inputs used for broodstock maintenance were hence 
excluded. Infrastructure, maintenance, transport of feed ingredients from different origins to feed 
mills and transport of input materials from producers to farms (e.g. feeds, chemicals, etc.) were 
excluded. The resource efficiency of the two farms were compared through a similar functional 
unit (FU), i.e. ‘sum of products’, defined as the sum of one kilogram of each product delivered at 
the farm gate (see Section 2.2.3.2 ‘Life cycle inventory’).  
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2.2.3.2 Life cycle inventory  
Foreground data of the production systems were primarily collected in 2013, obtained by 
interviewing the farmers, on-site measuring and sample analyses (e.g. biogas composition, water 
quality, etc.). Data retrieved via interviews were compared between the two farms and then cross 
checked with literature data. Data for background system processes were mostly derived from 
the Ecoinvent v2.2 database (Frischknecht and Rebitzer, 2005). For the electricity supply in 
Vietnam, the 5-year averaged production mix (2008-2012) was retrieved from the International 
Energy Agency (IEA, 2014). Power plants were modelled with the Czech datasets available in 
Ecoinvent. Feed composition data for both fish and pigs were computed by the software ‘Defining 
an ingredient composition for animal feeds by computer’ developed by the Vietnam National 
University of Agriculture (VNUA) (Hiep, 2009), see Supplementary material A3. 
The following foreground data, including daily manure production per pig, taking into account their 
age (Luong and Duong, 2003), pond water exchange rate and precipitation quantity (Nhan et al., 
2008) were derived from literature studying the pig and integrated fish production in Vietnam and 
assumed equal for both farms. The origins of feed ingredients were derived from Kluts et al. 
(2012); the remaining were assumed to be local (i.e. Vietnam). For both farms, the pigsty products 
are referred to as ‘pig products’, including culled sows and finishing pigs. As both farms harvested 
culled broodstock, fingerlings and farm B additionally produced market-sized fish; all these 
outputs are referred to as ‘fish products’. Pig manure, including urine, wastewater from cleaning 
the pigsty, henceforth is referred to as ‘manure’ (Figure 2.1). Macronutrient compositions of pig 
products were taken from private communications with Sam Millet (ILVO, Gent, Belgium) and of 
fish products from Huysveld et al. (2013). This information was needed to calculate the exergy 
contents. 
The resource use of the system was assigned to the different products through partitioning and 
substitution within an attributional LCA. First, in the partitioning approach, the system has four 
final products: pig products, useful methane, fish products and pond sediment. Methane was 
chosen instead of biogas, because the methane concentration drives the biogas burning 
efficiency and this share differed between the two farms (72.8% farm A, 65.4% farm B). This 
choice assures a fair comparison based on similar quantity (i.e. mass) and quality (i.e. exergy 
content) of the FU ‘sum of products’. In this approach, manure and digestate with no economic 
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value were cut off from its producing system and are seen as a ‘free’ resource for the following 
uses. This aims to show the benefit of the integrated aquaculture in recycling waste of the pig 
production or the anaerobic digestion. The resource inputs of the pigsty and the digester were 
therefore fully credited to pig products and useful methane, respectively (Eq. (2.1) and (2.2), 
‘CEENE’ is explained in Section 2.2.3.3 ‘Life cycle impact assessment’). The resource inputs of 
the fish pond were allocated to fish products and pond sediment, based on their exergy contents 
(Eq. (2.3) and (2.4)). The FU ‘sum of products’ is the sum of one kg of pig products, one kg of 
useful methane, one kilogram of fish products and one kilogram of pond sediment (Eq. (2.5)).  
CEENE of pig products = CEENE of pigsty inputs (2.1) 
CEENE of useful methane = CEENE of digester inputs (2.2) 
CEENE of fish products = CEENE of fish pond inputs x Exergy of fish products / (Exergy of fish 
products + Exergy of pond sediment) (2.3) 
CEENE of pond sediment = CEENE of fish pond inputs x Exergy of pond sediment / (Exergy of 
fish products + Exergy of pond sediment) (2.4) 
CEENE of ‘sum of products’ =  (CEENE of product i / mass of product i) (i = 4)  (2.5) 
As a second approach, we applied substitution. Substitution is generally recognized as a valid 
method for avoiding allocation within attributional LCA (Curran, 2007; Thomassen et al., 2008). 
The utilization of biogas and pond sediment avoids the consumption of similar-function 
alternatives: liquefied petroleum gas (LPG) and garden fertilizer, respectively (Figure 2.1). The 
product system was expanded, including the production of LPG and garden fertilizer. The 
substitution ratio between methane and LPG was based on their lower heating values (50 MJ    
kg-1 for methane, 46.6 MJ kg-1 for LPG) (Boundy et al., 2011). Biogas was produced from manure 
and thus the environmental impact of pig products was subtracted with that of the respective 
amounts of LPG production (Eq. (2.6)). Pond sediment was used for fertilization of the gardens 
in both farms. The substitution between pond sediment and garden fertilizer was quantified based 
on the replacement ratio in nutrient contents between them: urea for nitrogen; superphosphate 
for phosphate; subsequently, the profit credits for ‘fish products’ (Eq. (2.7)). Urea and 
superphosphate were chosen for this substitution because these fertilizers were the most widely 
used in Vietnam (FAOSTAT, 2014). Farm B also replaced pond sediment for urea and 
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superphosphate when fertilizing orchards. The FU ‘sum of products’ was defined as the sum of 
one kilogram of pig products and one kilogram of fish products (Eq. (2.8)). 
CEENE of pig products = CEENE of pigsty inputs + CEENE of digester inputs - CEENE of LPG 
production (2.6) 
CEENE of fish products = CEENE of fish pond inputs - CEENE of fertilizer production  (2.7) 
 CEENE of ‘sum of products’ =  (CEENE of product i / mass of product i) (i = 2) (2.8) 
2.2.3.3 Life cycle impact assessment 
In light of some existing scientific gaps in resource depletion impact assessment (Hauschild et 
al., 2013), the resources consumed in the VACB system were preferably addressed in terms of 
exergy that accounts for the quality and quantity of material and energy flows. More specifically 
the Cumulative Exergy Extraction from the Natural Environment (CEENE) methodology was 
used. A more comprehensive explanation about the CEENE method can be found in Section 
1.3.1.3 ‘Life cycle impact assessment (LCIA)’.  
The exergetic efficiency at the life cycle level (i.e., the Cumulative Degree of Perfection CDP) 
which implies how efficient the overall product supply chain is was calculated by the ratio of the 
exergy content of a product to the CEENE of its production chain (Eq. (2.9)).  
CDP (Joules/Joules) = Exergy of product / CEENE of product  (2.9) 
 
 Results and discussion 
 Nutrient budgets and recycling 
Nutrient budgets of the studied system were performed for organic carbon (C), nitrogen (N) and 
phosphorus (P). Nutrient quantities of pig production, primarily originating from pig feed, were 
recycled through the use of manure as feedstock in anaerobic digestion resulting in biogas and 
digestate. Manure or produced digestate were applied in aquaculture; their high nutrient contents 
mainly ended up in pond sediment, used as agricultural fertilizer, and wastewater discharged to 
the river. Influences of such recycling on production efficiency and resource use are discussed in 
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Sections 2.3.2 ‘Animal production efficiency and 2.3.6. ‘Comparison between mono- and 
integrated aquaculture’. For the reader’s interest, nutrient budgets considered in this study can 
be found in Supplementary material A4. 
 Animal production efficiency 
Feed conversion ratio (FCR), expressed in the dry-weight (DW) amount of feed intake per unit 
wet-weight gain of the animal, indicates the animal production efficiency. Feed intake, in this 
study, includes feed for animal growth and for broodstock maintenance. Pig production had a 
FCR of 2.92 for farm A and 2.98 for farm B. These values are within the range (2.7-3.1) reported 
for crossbred pigs in Vietnam (Hao, 2007; Soan and Binh, 2010). The FCR of the aquaculture 
process was calculated for fingerlings, market-sized fish and ‘fish products’ and only formulated 
pellet feeds (not manure/digestate) is considered as feed intake in calculating this FCR to highlight 
the benefit of the integrated aquaculture in recycling manure of the pig production or the anaerobic 
digestion compared to the monoculture (Table 2.1). For farm A, fish products included fingerlings 
and culled broodstock. The FCR amounted to 0.6 for fingerlings and 0.92 for fish products. For 
farm B, the fish products consisted of market-sized fish, fingerlings and culled broodstock. The 
FCR amounted to 0.4 for fingerlings, 0.44 for market-sized fish and 0.5 for fish products.  
Farm A attained a higher FCR for fingerlings and fish products compared to farm B. This could 
be explained by a higher application rate of DW manure and nutrient quantities (i.e. C, N, P) in 
farm B. Farm A applied manure in 120 days per year (i.e. in the last 30 days of 4 fingerling 
batches) at an average rate of 119 kg DW ha-1 d-1 equivalent with 18 kg C, 2 kg N and 2 kg P    
ha-1 d-1 while farm B used digestate, produced from manure input of 157 kg DW ha-1 d-1 (i.e. in 
the last 30 days of 3 fingerling batches and the 150 days of fish farming) equivalent with 42 kg C, 
3 kg N and 6 kg P ha-1 d-1. On the other hand, the addition of digestate into the fish pond in farm 
B might be more effective in saving fish feed compared to that of manure in farm A. Anaerobic 
digestion has been reported to increase the effectiveness of manure as fertilizer for aquaculture 
though a similar nitrogen rate was applied. Sophin and Preston (2001) showed that Tilapia and 
carps grew faster and attained a 55% higher net yield when the pond was fertilized with digestate 
(1.17 kg N ha-1 d-1) instead of with pig manure (1.19 kg N ha-1 d-1). Krantzberg et al. (2010) 
presented that it was better to add processed manure instead of fresh manure into the fish pond, 
Resource use of integrated Pig-Biogas-Fish system: partitioning and substitution within 
attributional life cycle assessment 
45 
this after a series of processing steps, e.g. biogas fermentation. Digestate can reduce oxygen 
consumption caused by manure stocking, prevent the formation of harmful gases in the fish pond, 
in addition to promoting microbial production, resulting in the increment of zooplankton 
production, a good feed for fish, especially fry. Overall, further research on the benefit of digestate 
relative to manure on aquaculture FCR is recommended.  
Table 2.1. Overview of resource use of the two studied farms. FCR: Feed conversion ratios, CEENE FCR: 
CEENE Feed conversion ratios, CDP: Cumulative Degree of Perfection, n/a: not applicable. 
Characteristics Pig production Aquaculture Anaerobic digestion 
Farm A Farm B Farm A Farm B Farm A Farm B 
FCR 
kg feed kg-1 fish 
Pig 
products 
2.92 
Pig 
products 
2.98 
Fish 
products 
0.92 
Fish 
products 
0.50 
n/a n/a 
CEENE FCR 
GJ GJ-1  
Pig 
products 
21.9 
Pig 
products 
22.9 
Fish 
products 
7.6 
Fish 
products 
4.0 
n/a n/a 
Exergetic 
efficiency 
60.6% 60.7% 2.5% 3.9% 9.7% 95.8% 
 Partitioning allocation 
Products Pig 
products 
Pig 
products 
Fish 
products 
Pond 
sediment 
Fish 
products 
Pond 
sediment 
Useful 
methane 
Useful 
methane 
Annual CEENE 
GJ year-1 
5,688 1,965 1,864 1,345 0.7 0.4 
Product CEENE 
GJ FU-1 
319 331 434 264 0.9 3.8 
CDP  
GJ GJ-1 
4.3% 4.2% 2.6% 4.2% n/a n/a 
 Substitution allocation 
Products Pig 
products 
Pig 
products 
Fish 
products 
Fish 
products 
substitution substitution 
Annual CEENE 
GJ year-1 
5,639 1,960 1,846 1,321 
Product CEENE 
GJ FU-1 
317 330 917 627 
CDP  
GJ GJ-1 
4.4% 4.2% 2.6% 1.7% 
 
 
The application rate drives the kind of predominating plankton in the fish pond (Bonten et al., 
2014), concerns are therefore raised how much manure or digestate should be applied in 
fishponds for a desired effect. The nutrient quality of these flows varies a lot, e.g. depending on 
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animal species, feeds, manure composition, etc. Boyd (2012) showed that the application rate of 
manure into the fish pond varies over case studies. The proposed manure application rate was 
estimated at about 106 kg DW ha-1 d-1 for nursery ponds and 140-150 kg DW ha-1 d-1 for grow-
out ponds (Das and Jana, 2003). In our study, the farmers decided on the application rate based 
on their experience in farming and based on guidelines of technicians, e.g. observing watercolour, 
algae growth, fish growth, etc. The manure application in farm A (119 kg DW ha-1 d-1) is consistent 
with the value mentioned by Das and Jana (2003). 
 Exergy analysis (EA) 
The exergetic efficiencies for the pigsty, the digester and the fish pond were 60.6, 9.7 and 2.5%, 
respectively, for farm A and 60.7, 95.8 and 3.9%, respectively, for farm B (Table 2.1). Note that 
all main products and internal by-products (i.e. manure, digestate) were included in this efficiency 
calculation. Both farms obtained a quite similar efficiency for the pigsty because manure was 
entirely valorised and their finishing-pig productions were similarly efficient, reflected through their 
similar FCR values (2.92 farm A, 2.98 farm B). The digester in farm B obtained a higher efficiency 
because digestate was fully recycled in the fish and broodstock ponds while this material in farm 
A is considered as waste. Farm A could obtain an increased efficiency for the digester through 
applying digestate as a fertilizer (compost). This option is beneficial for crop growth and saves 
resources relative to traditional agriculture. The emissions (e.g. nitrogen, methane) can increase 
but these can be reduced by 50% by a better agricultural practice (De Meester et al., 2012). 
Nevertheless, the exergetic efficiency of the digester calculating based on only the main product, 
i.e. useful methane, (9.7% farm A, 3% farm B) showed an inefficient biogas use in farm B where 
more biogas was emitted to the atmosphere (71% compared to 22% in farm A). Here there is 
much room for improvements to increasing the efficiency of biogas production and utilization. 
Optimizing the biogas yield would not be recommended here while the produced biogas was 
incompletely used in both farms. The latter can achieved through a biogas share with 
neighbourhood (e.g. farm A) and other feasible applications at farm scale, e.g. lighting, heating, 
running chicken incubators or gas-powered refrigerators, pumping water for irrigation, etc. 
(Rajendran et al., 2012). Avoiding biogas leakage would raise the exergetic efficiency of the 
digester to 12.2% for farm A and 100% for farm B. Integrating the digester with a combined heat 
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and power is also a thermodynamically exergetic way (De Meester et al., 2012) but is out of reach 
of small-scale farmers. The exerge efficiency of the aquaculture process is quite low, largely due 
to a direct discharge of nutrient-rich pond water to the river after the fish harvesting. Farm B 
gained a higher efficiency for this subsystem thanks to a lower fish feed use. Pond water should 
be recycled for further useful purposes, such as irrigation for adjacent rice fields and orchards 
(Nhan et al., 2007).  
Much biogas loss evokes another environmental concern: global warming, which should be kept 
in mind. The global warming potential (GWP), defined as the time-integrated radiative forcing due 
to a unit mass pulse emission relative to carbon dioxide (CO2), of 1 kg methane in the 100-year 
horizon equals 25 kg CO2-equivalents (Forster et al., 2007). The impact due to biogas leakage 
was estimated at 5.7 and 6.1 tCO2-equivalents per year for farm A and farm B, respectively.  
 Overall annual resource demand 
The studied farms were different in size and annual production yield. Farm A occupied 0.16 ha 
land annually producing 17.8 t of pig products, 1646 Nm3 of methane and 2 tonnes of fish 
products, while the yearly yield of farm B amounted to 5.9 t of pig products, 551 Nm3 of methane, 
2.1 t of fish products on 0.1 ha land (Figure 2.2 and Figure 2.3). 
The resource input of farm A was 7553 GJ CEENE per year, while this value for farm B amounted 
to 3310 GJ, explained by a smaller production output of farm B. In the VACB system, the pig 
production contributed for the largest share to the resource footprint (75% farm A, 59% farm B), 
followed by the aquaculture system (25% farm A, 41% farm B). The digestion had a negligible 
resource input, i.e. the land area occupied by the digester. The overall resource consumption is 
mainly attributed to the production of pig feeds (72% farm A, 57% farm B) and the extraction of 
water for aquaculture (22% farm A, 37% farm B) (Figure 2.2 and Figure 2.3). These two inputs, 
pig feed and pond water, resulted together in the largest share in the total yearly demand for land 
resource (68% farm A, 54% farm B), followed by water resource (28% farm A, 42% farm B). Fossil 
fuels accounted for 3% of the resources extracted from nature for both farms; they were used to 
produce both pig and fish feeds and energy (i.e. electricity, diesel) to pump pond water and 
sediment.  
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In light of life cycle thinking, Huysveld et al. (2013) introduced a metric, called CEENE Feed 
Conversion Ratio (CEENE FCR), to illustrate the environmental performance of the feed 
production chain. This metric was defined as the ratio of the total CEENE of the added feed for 
the complete feed production chain to the exergy content of animal biomass growth (wet weight) 
(Eq. (2.10)). 
𝐶𝐸𝐸𝑁𝐸 𝐹𝐶𝑅 (𝐽𝑜𝑢𝑙𝑒𝑠/𝐽𝑜𝑢𝑙𝑒𝑠) =  
𝐶𝐸𝐸𝑁𝐸 𝑜𝑓𝑓𝑒𝑒𝑑 𝑠𝑢𝑝𝑝𝑙𝑦 𝑐ℎ𝑎𝑖𝑛 (𝑀𝐽)
𝐸𝑥𝑒𝑔𝑦 𝑜𝑓 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑛𝑖𝑚𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠 𝑔𝑟𝑜𝑤𝑡ℎ  (𝑀𝐽)
=
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑢𝑠𝑒𝑑 (𝑘𝑔 𝑓𝑒𝑒𝑑) 𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝐸𝐸𝑁𝐸 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑢𝑠𝑒𝑑 (𝑀𝐽 𝑘𝑔 𝑓𝑒𝑒𝑑⁄ )
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑔𝑟𝑜𝑤𝑡ℎ (𝑘𝑔 𝑎𝑛𝑖𝑚𝑎𝑙) 𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑀𝐽 𝑘𝑔 𝑎𝑛𝑖𝑚𝑎𝑙⁄ )
 
= 𝐹𝐶𝑅 (
𝑘𝑔 𝑓𝑒𝑒𝑑
𝑘𝑔 𝑎𝑛𝑖𝑚𝑎𝑙
) 𝑥 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝐸𝐸𝑁𝐸 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑢𝑠𝑒𝑑 (𝑀𝐽 𝑘𝑔 𝑓𝑒𝑒𝑑⁄ )
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑀𝐽 𝑘𝑔 𝑎𝑛𝑖𝑚𝑎𝑙⁄ )
 (Eq. 2.10) 
 
Quantification of this metric would be interesting for optimising the animal production efficiency at 
life cycle level. A lower CEENE FCR value implies a better FCR and/or a better resource use 
throughout the feed production chain. This implies that not only the nutritional quality of the feed 
but also the environmental performance and origins of the feed ingredients are of importance. 
Interesting paths to reduce the CEENE FCR can be sought in (i) optimising feed intake efficiency; 
(ii) making feed ingredients more environmental friendly, and (iii) finding alternative ingredients 
more environmentally sustainable. In our study, the CEENE FCR of pig products was higher than 
that value of fish products (approximately 3-fold for farm A and 6-fold for farm B, which is primarily 
explained by a higher FCR of pig products compared to FCR of fish products since the average 
CEENE values per kg feed (i.e., specific CENE of feed) were comparable between both farms as 
well as between the two pig and fish feeds (92 and 93 MJ per kg pig feed; 80 and 76 MJ per kg 
fish feed for farm A and farm B, respectively). This can be reasoned by the fact that the same 
type of pigs and fish were cultured at both farms (even though these farms used different feeds 
for pig production and aquaculture), leading to similar macronutrient compositions of the feeds, 
particularly crude protein content, whose optimum value depends on animal age. 
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 Resource allocation through partitioning and substitution approaches 
As the integrated system delivered four useful products at the farm gate, the resource input was 
assigned to these products using two different approaches: partitioning and substitution. The 
resource demand was presented for the functional unit (FU) ‘sum of products’.  
In the partitioning approach, the FU was defined as the sum of one kilogram of pig products, one 
kg useful methane, one kilogram of fish products and one kilogram of pond sediment. To fulfil this 
functionality, the CEENE values were 903 MJ FU-1 for farm A and 701 MJ FU-1 for farm B, mainly 
contributions of fish products (64% farm A, 52% farm B) and pig products (35% farm A, 47% farm 
B).  
In the substitution approach, useful methane and pond sediment substituted LPG and garden 
fertilizer, respectively. The avoided burden of farm A was 68 GJ year-1, mainly originating from 
the substitution for LPG (73%). For farm B the avoided burden was 29 GJ year-1, mainly due to 
the substitution for garden fertilizer (80%). The major savings were achieved for fossil resources 
(93% farm A, 79% farm B) (Figure 2.4).  
 
Figure 2.4. Resource efficiency of the two studied farms, calculated per kg of each products, in the 
partitioning approach. FU: funtional unit, ‘sum of products’, defined by the sum of 1 kg pig 
products, 1 kg useful methane, 1 kg fish products and 1 kg pond sediment. 
 
This approach also underlines that the substitution benefit would substantially increase through a 
better biogas use efficiency. A complete biogas use gains a considerable raise in the avoided 
burden of 20% for farm A and 50% for farm B. The FU was defined as the sum of one kilogram 
of pig products and one kilogram of fish products. The resource footprint equalled 1234 MJ FU -1 
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for farm A, of which fish products represented 74%. These values for farm B amounted to 958 MJ 
FU-1 and 66%, respectively (Figure 2.5). 
 
Figure 2.5. Resource efficiency of the two studied farms, calculated per kg of each products, in the 
substitution approach. FU: funtional unit, ‘sum of products’, defined by a sum of 1 kg pig 
products and 1 kg fish products. The negative values corespond to the avoided burden of 
useful methane per kg pig products and of pond sediment per kg fish products. 
 
Both approaches, partitioning and substitution, showed firstly that farm B attained a better 
resource efficiency compared to farm A to deliver a similar FU ‘sum of products’, mainly reasoned 
by a better FCR in the aquaculture system of farm B (see Section 2.3.1 ‘Nutrient budgets and 
recycling’). Note that no distinction was made between fingerlings and mature fish. Secondly, land 
and water resources were identified as the resource use hotspots at both farms, which is 
explained by pig feed production and water use in the integrated aquaculture.  
Moreover, the resource burden per kg pig products in both approaches was quite similar (Figure 
2.4 and Figure 2.5), explained by a small avoided burden of useful methane (49 GJ year-1 farm 
A, 6 GJ year-1 farm B) benefiting from a high mass amount of pig products (17.8 t farm A, 5.9 t 
farm B). On the contrary, the burden per kg fish products in the partitioning was significantly lower 
than that in the substitution. In the partitioning, fish products highly shared the resource inputs of 
the aquaculture process with pond sediment (703 GJ year-1 farm A, 580 GJ year-1 farm B) as pond 
sediment got a high exergy content. In the substitution, fish products mostly assigned this 
resource input because the avoided burden of pond sediment is quite small (19 GJ year-1 farm A, 
23 GJ year-1 farm B). This indicates that the resource burden of fish products was underestimated 
in the partitioning. We conclude that substitution is more advisable than partitioning for an 
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integrated VACB system. This reason can also explain why water resources, primarily originating 
from the water use in the integrated aquaculture, quantified via the substitution was more than 2-
fold higher compared to the value obtained in the partitioning. This leads to a 1.6-fold higher in 
the CEENE per functional unit (i.e., ‘sum of products’) in the substitution, 
 Comparison between mono- and integrated aquaculture  
A comparison can be made with the resource use of Pangasius intensive monoculture in the same 
region, determined by Huysveld et al. (2013). In order to compare both studies, CEENE v.2007 
results of Huysveld et al. (2013) were recalculated in Nhu et al. (2015b) by the application of 
CEENE v.2013. Snakeskin gourami, on which we focus in this study, and Pangasius are both 
tropical freshwater fish with similar production characteristics. Actually, this comparison only is 
reasonable to a certain extent, considering only mass amount and that of course considering 
other nutritional factors others results could be obtained and that the results need to be 
considered with care. We compared firstly their FCR, secondly their overall resource input and 
thirdly their assigned burden based on the substitution which is more recommended than the 
partitioning for the VACB system.  
2.3.6.1 Comparison based on FCR 
The integrated aquaculture in farm B attained a better FCR for both fingerlings (0.40) and fish 
(0.44) compared to the monoculture (1.21 and 1.53, respectively). The FCR of fingerlings (0.60) 
in farm A was better as well (Table 2.2). This is possibly reasoned that the application of manure 
and digestate, in addition to adding carbohydrate-rich pelleted feed, increased the microbial 
production, which was probably of bio-flocs in pond water or of biofilms on submerged surfaces. 
Bacterial biomass is either directly eaten by the fish or serves as food for the zooplankton, its 
production can be enhanced by manipulating the carbon: nitrogen ratio of and amounts in the 
water (Bosma and Verdegem, 2011). Note that the benefit on using less formulated feed when 
adding manure and digestate can only be achieved with fish species that should be able to coop 
with the conditions created in water polluted by manure or digestate. A better FCR in the 
integrated aquaculture leads to a reduced resource use for feed production.  
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Table 2.2. Comparison between the aquaculture integrated in the VACB system and the mono-
(intensive) aquaculture studied in Huysveld et al. (2013) and Nhu et al. (2015b) 
Parameters Unit Farm A Farm B Mono-aquaculture 
FCR fingerlings kg feed kg-1 fingerlings 0.60 0.40 1.21 
FCR fish kg feed kg-1 fish - 0.44 1.53 
CEENE fingerlings MJ kg-1 fingerlings 927 859 314 
CEENE fish MJ kg-1 fish - 551 242 
Water fingerlings m3 kg-1 fingerlings 16.3 16 3.2 
Water fish m3 kg-1 fish - 10 1.6 
 
2.3.6.2 Comparison based on the overall resource input 
Land area for infrastructure and transportation were excluded in this comparison. For fingerling 
production, the CEENE input of the IAA system (927 MJ farm A; 859 MJ farm B per kg fingerling) 
was about 3-fold higher than that of the monoculture (314 MJ kg-1 fingerling). The CEENE input 
per kg fish was 551 MJ for farm B, while a value of 242 MJ was calculated for the monoculture. 
Note that in contrast to farm A, farm B delivered both fish and fingerlings at farm gate. The 
resource inputs (e.g. water, feed, etc.) were separate for them based on the data collection; only 
the burden of pond area occupation was allocated between these two outputs based on their 
exergy contents. The higher CEENE input can be explained by an inefficient water use in the IAA 
system. In fact, compared to the monoculture system, the IAA system extracted a lower water 
quantity per unit of land area; however, its productivity, reflected through the areal yield of 
fingerlings or fish, was quite low. This led to a much higher amount of water consumed per kg 
output (on average 16 m3 kg-1 fingerlings and 10 m3 kg-1 fish compared to 3.2 m3 and 1.6 m3 for 
the monoculture, respectively). The water amount per kg fish here included the portion used for 
fingerling production, in addition to on-farm water use. 
The areal fish yield depends on the degree of intensification of aquaculture (Edwards et al., 1988). 
These authors showed that a semi-intensive system with high quality manure input (i.e. pig 
manure) and pelleted feeds, e.g. the studied farms, attains productivity levels of 15-20 t ha-1 year-
1. This value, in our study, was 15.4 and 23.3 t ha-1 year-1 for farm A and farm B, respectively, 
corresponding to a water amount of 16 m3 kg-1 fingerlings and 10 m3 kg-1 fish. The intensive pond 
farming with pelleted feeds, an example of the monoculture system, achieves 100-1000 t ha-1 
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year-1 (Edwards et al., 1988). For instance, intensive Pangasius farming as studied in Huysveld 
et al. (2013) yielded about 529 t fish ha-1 year-1 and consumed only 1.6 m3 water kg-1 fish.  
2.3.6.3 Comparison based on the substitution approach 
The IAA system yielded pond sediments with a better nutrient content (i.e. nitrogen and 
phosphorous) relative to the monoculture system. This resulted in a higher avoided burden due 
to the substitution of pond sediment for garden fertilizer (about 10 MJ compared to 0.4 MJ per kg 
fish for the monoculture system). Nonetheless, the avoided burden was significantly lower relative 
to the overall CEENE inputs for both types of aquaculture. The substitution approach 
consequently keeps a similar highlight on an inefficient water use in the IAA system as the hotspot 
with respect to resource footprint.  
In short, regarding resource efficiency, the intensity of aquaculture determines its environmental 
performance through the productivity. To deliver a similar mass of product, the intensive 
aquaculture with a much higher yield consumes water more efficiently compared to the semi-
intensive aquaculture (i.e. the studied system). Its performance is thus better based on this aspect 
though the semi-intensive system benefits a reduced resource use for feed production when 
integrating with agriculture and anaerobic digestion. The improvements for the IAA system should 
focus on reducing water input and recycling pond effluent. Water reuse in the fish pond is the 
most effective way for water savings, because it would not only reduce water demand but also 
the pollution potential of aquaculture (Boyd and Gross, 2000). Nonetheless, this option should be 
well considered due to the risk of disease transmission and toxicant bioaccumulation. A switch to 
closed-loop systems also needs extra infrastructure and energy-driven technologies (e.g. pumps, 
filter media, etc.) and thus consumes much more material and energy (Ayer and Tyedmers, 2009). 
Alternatively, using pond effluent as a new source for crop irrigation would save both traditional 
irrigation water and mineral fertilizers (Abdelraouf et al., 2014). 
2.3.6.4 Economic benefit 
The integration saved the use of fish feed, LPG and agricultural fertilizers, resulting in an 
estimated economic benefit of 2296 US$ year-1 for farm A and 1715 US$ year-1 for farm B, 
corresponding to a saving of 7% and 15% in the total cost of the two farms, respectively, for pig 
production, household cooking, aquaculture and agriculture (vegetable production at farm A and 
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fruit cultivation at farm B). These estimations were based on the differences in FCRs between the 
integrated aquaculture and mono-aquaculture systems, the substitution ratio between methane 
and LPG and the substitution ratio between pond sediment and fertilizers (explained in Section 
2.2.3.2 ‘Life cycle inventory’). Prices of fish feed, LPG and fertilizers were retrieved through on-
site interviews (Supplementary material A5).  
 Sensitivity analysis 
Sensitivity analysis aims to determine how changes in data and methodological choices affect the 
results (ISO, 2006b). The methodological choices could be the selection of the life cycle impact 
methods and/or of the allocation approaches. The former is discussed in Section 6.2.5 ‘Resource 
use analysis at life cycle level’ since this is also the general focus of this PhD work’s outcomes, 
while the latter is discussed in Sections 2.3.5 ‘Resource allocation through partitioning and 
substitution approaches’ and 2.3.6 ‘Comparison between mono- and integrated aquaculture’ with 
respect to how the allocation choices: partitioning or substitution affects specifically water and 
land resources, the two identified hotspots of resource use in the studied IAA systems. 
Effects of data choices are presented here. On-site interviews showed that farmers used a quite 
constant amount of pig feed per pig head and of fish feed per cycle. Annual aquaculture yield 
varied ± 20%, while pig productivity fluctuated in a range of 10-15 piglets sow-1 cycle-1. Daily pond 
water exchange rate varied with ± 1.6% (Nhan et al., 2008).  
The effects of variation of three parameters, i.e. pond water exchange rate, aquaculture yield and 
pig productivity, were considered, resulting in six scenarios (S2-S7) in addition to the original one 
(S1). Their influences on the output results, i.e. FCR, CEENE FCR, annual CEENE, product 
CEENE and efficiencies (i.e. exergetic efficiency and CDP), were analysed (Figure 2.6). Firstly, 
varying each parameter individually resulted in similar effects on the two farms and on both 
partitioning and substitution approaches. Secondly, for a parameter of a certain subsystem, the 
respective subsystem was evidently to be highly sensitive towards parameter changes. For 
instance, aquaculture yield is a parameter of the aquaculture subsystem; hence, its variability 
influenced specifically the results of this subsystem.  
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Figure 2.6. Sensitivity analysis by individually varying three parameters: pond water exchange rate (S2: 
increase 1.6%, S3: decrease 1.6%), aquaculture yield (S4: increase 20%, S5: decrease 
20%), and pig yield (S6: 15 piglets sow-1 cycle-1, S6: 10 piglets sow-1 cycle-1). S1 corresponds 
to the original scenario. Y axis shows the relative change between Si and S1 (Si/S1, i = 2-7). 
Absolute results of S1, showed in Table 2.1, correspond to 100%. 
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Varying pond water exchange rate (S2-S3) caused no change in FCR and CEENE FCR. 
However, as an input of aquaculture, increasing this parameter (S2) increased the annual and 
product CEENE, and reduced the efficiencies. Reducing this parameter (S3) affected these 
results in an opposite way. As an output of aquaculture, varying aquaculture yield (S4-S5) did not 
change the annual CEENE. Efficiencies increased when this parameter increased, while FCR, 
CEENE FCR and the product CEENE then decreased, and vice versa. One should note that the 
'carrying capacity' concept is not considered here. Its definition is a subject of debate; however, 
it is generally accepted that for all human production activities (and hence for aquaculture), there 
are limits beyond which adverse effects arise (Karakassis et al., 2013). It means that when the 
aquaculture yield comes close to the carrying capacity of the farming system, the farmers might 
be confronted with diminishing returns. The effects were in particular prominent for aquaculture. 
Varying pig productivity (S6-S7) negligibly affected the results of pig production, except the annual 
CEENE that varied proportionally according to this parameter. 
 
 Conclusions  
Our study showed the resource efficiency of the integrated Pig-Biogas-Fish (VACB) system 
through two Vietnamese farms, located in the Mekong Delta. In terms of resource footprint by 
exergy accounting (i.e., CEENE), the VACB system extracted 4.6 and 3.4 GJ year-1 ha-1 for farms 
A and B, respectively, particularly intensive amounts of land (68% farm A, 54% farm B) and water 
(28% farm A, 42% farm B). The large share of land originated mainly from the agricultural 
production of crop-based ingredients of pig feed (96% farm A, 94% farm B), while the water 
resource demand could be largely assigned to pond water input (78% farm A, 87% farm B).  
The integration is presumed to gain a reduced resource demand thanks to (i) less formulated 
(pellet) feed use in aquaculture and (ii) avoided resource burdens. The former originated from the 
application of manure or digestate (from the anaerobic digester used manure as feedstock) into 
the fish pond while the reduction of resource burdens was achieved through the substitution of 
biogas for LPG in household cooking and of pond sediment for garden fertilizer.  
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On the other hand, the usage of pond manure limited the amount of fish products (fingerlings or 
fish) harvested since an application of manure or manure-derived digestate to fish pond can lower 
the nutrient efficiency while the carrying capacity drops due to a higher oxygen demand. The 
environmental performance regarding resource demand of the aquaculture integrated in the IAA 
system was worse than that of the intensive aquaculture to deliver a similar mass (i.e. one 
kilogram) of product, which is explained by an inefficient water use of the integrated aquaculture, 
presumably due to higher water renewal to compensate for negative effects of manure or manure-
digestate.  
Additionally, in respect of resource accounting, the quality of fresh surface water extracted from 
the environment (river/channel) in a forced way changes dramatically due to farming activities, 
even though this water passes through the pond in a relatively short time. The burden (CEENE) 
of this water is quantified based on its exergy content which represents both their quantity 
(amounts of water extracted) and quality (compositions of water extracted: COD, TN, TP, etc.). 
However, the river/channel has many other functions in addition to being a water source of 
aquaculture. Consequently, it is important to highlight that LCA is still limited in covering these 
aspects but effects on alternative water usage should ideally be taken into account. This 
constraint might be overcome by considering the exergy content of water extracted from 
river/channel to be ‘transit exergy’ in analysing the exergetic efficiency of aquaculture since this 
water can be reused for other purposes. 
Opportunities for improvement should focus, firstly, on raising the biogas production and usage 
that would increase the exergetic efficiencies at both process and life cycle levels. Secondly, more 
attention should be paid to a better water management in the fish pond, e.g. water use reduction 
and water recycling. Thirdly, an optimum application rate for manure and digestate should be 
defined to promote the growth of plankton which fish digest better, this results in a better FCR in 
aquaculture. Additionally, the replacement of manure by digestate in fertilizing aquaculture might 
be beneficial thanks to a better FCR and an increased biogas production when manure would be 
fully fed into the digester. Great caution, however, is advised because an incomplete biogas use 
causes a negative impact: more greenhouse gases emissions into the atmosphere.  
It is important to highlight that assumptions were made in the life cycle inventory construction 
since the IAA system is a complex system primarily practiced based on the experience of small 
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scale farmers. To partially overcome this drawback, the database (i.e., Ecoinvent v2.2.) and 
literature data used were adapted to or based on the Vietnamese situation, wherever practically 
feasible. Moreover, the study investigated only 2 integrated farms in the Mekong Delta (Vietnam); 
an extrapolation at a broader scale (e.g., international) requires a representative farm sample 
(Avadi et al., 2016). One might give a regional hypothesis that if all the integrated farms in the 
Mekong Delta had the configuration of farm A instead of farm B, the impact (CEENE, MJ FU-1) 
would possibly be 1.3-fold higher on a regional scale. However, this hypothesis is still 
questionable because the integrated agriculture-aquaculture system in Vietnam in general and in 
the Mekong Delta more specifically vary with respect to configurations. 
 59 
 
 
3  
Resource use of Pangasius feeds and intensive Pangasius 
aquaculture in Vietnam: inferred equations for a prediction 
 
 
 
 
 
 
 
 
 
 
 
 
Redrafted from: 
Nhu, T.T., Le, H.Q., ter Heide, P., Bosma, R.H., Sorgeloos, P., Dewulf, J., Schaubroeck, T., 2016. 
Inferred equations for predicting cumulative exergy extraction throughout cradle-to-gate life cycles 
of Pangasius feeds and intensive Pangasius grow-out farms in Vietnam. Resources Conservation 
and Recycling 115, 42-49.  
 
  
 
 
  
Resource use of Pangasius feeds and intensive Pangasius aquaculture in Vietnam:  
inferred equations for a prediction 
61 
 Introduction 
Whereas catches from wild capture fisheries levelled off since the mid-1980s, aquaculture has 
remained one of the fastest-growing food producing sectors with an average annual growth rate 
of 8.3% worldwide in the period 1970-2008 (FAO, 2010b). Aquaculture now provides almost half 
of all fish for human consumption and this share is projected to rise to 62 percent by 2030 (FAO, 
2014). As this sector has emerged as a significant food production system on a global scale, 
concerns about its environmental impacts have emerged as well. Life cycle assessment (LCA) 
has proved to be a valuable tool to assess overall environmental performance of aquaculture and 
to identify environmental hotspots for process optimization (Cao et al., 2013; Pelletier and 
Tyedmers, 2008). Aquaculture LCAs have, however, mostly focused on production systems in 
developed countries (Henriksson et al., 2012) whereas Asia contributed around 88% of world 
aquaculture production by volume (FAO, 2014). 
Pangasius with a global annual production of 1.3 million tonnes, mainly in Vietnam, has achieved 
a very fast supply growth at a global level, along with tilapia and carp (FAO, 2014). International 
markets, especially the United States and the European Union, were eager to introduce 
Pangasius fillets as a cheap substitute for the more expensive generic whitefish from classic 
fisheries (Belton et al., 2011; FAO, 2014). However, important resources, e.g. land, water, and 
energy, are finite and competed between aquaculture and other sectors (e.g. agriculture, 
livestock, etc.). This may cause a conflict between resource users and constrain the future growth 
of Pangasius aquaculture. Local Pangasius producers presently follow several sustainability 
certification schemes recognized by international markets, typically the Aquaculture Stewardship 
Council (ASC) and the Global Partnership for Good Agricultural Practice (GlobalGAP). These 
standards set criteria to ascertain that aquaculture practices at a farm are reasonably 
environmentally and socially sustainable. By August 2015, Vietnam has 42 Pangasius ASC-
certified farms and 15 other farms under ASC assessment (ASC, 2016) while 27 Pangasius 
producers have achieved the GlobalGAP certification (GlobalGAP, 2016).  
The resource use efficiency has been studied of the Vietnamese Pangasius production, 
comprising of non-certified intensive pond farming (Huysveld et al., 2013), fish processing, 
transportation (to Europe) and reprocessing (Nhu et al., 2015b). Using the LCA approach, these 
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authors highlighted the hotspots in resource use throughout the cradle-to-gate life cycle of two 
Pangasius fillet products, i.e. frozen fillets and modified atmosphere packaging (MAP) fillets. 
Aquaculture, particularly its farm feed and water inputs, were the highest contributors to the 
resource footprint even though the fillets were transported overseas over a distance of about 
12000 km. In light of the need for environmentally sustainable practices, Pangasius producers, 
would benefit from being able to easily quantify the resource use efficiency on their own. In 
addition to resource use, emission-related indicators (e.g. global warming, toxicity impacts) of 
such production were also considered in the LCA literature (Bosma et al., 2011; Henriksson et 
al., 2015a; Henriksson et al., 2015b). However, full LCAs require complex modelling and time-
consuming data collection (Horne et al., 2009). An easy calculation tool could hence simplify this 
task, consisting of a methodological framework in which equations/models are used to estimate 
the resource footprint of intensive Pangasius aquaculture using limited input data. A similar 
framework was established to quantify the resource footprint of pharmaceuticals (De Soete et al., 
2014), greenhouse gas impacts of wind electricity (Padey et al., 2012), and environmental 
assessment (e.g. global warming, non-renewable energy, etc.) of an agricultural region (Avadi et 
al., 2016). 
The first objective of the study is to identify the resource consumption hotspots of intensive 
Pangasius aquaculture relying on LCA for 10 certified (i.e. ASC and GlobalGAP) and 10 non-
certified farms in the Mekong Delta (Vietnam). While different impact methods exist that account 
for or assess the resource consumption/usage, the selection of the impact assessment method 
depends on the type of production system (Swart et al., 2015). Since Pangasius is a biological 
product, accounting of biotic resources and land, and their related energy flows, are of the 
essence. We applied the Cumulative Exergy Extraction from the Natural Environment (CEENE) 
(Dewulf et al., 2007) since we only focus on resource consumption and not on emissions. 
Secondly, based on this platform knowledge, the authors then derive straightforward equations 
to estimate resource consumption of Pangasius feed and fish production, based on the linear 
correlation between the resource footprint and certain predictor variables (e.g. amount of water 
use, derived out of the hotspot identification) of Pangasius intensive farms.  
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 Materials and methods 
 Hotspot identification through LCA 
Goal and scope. Resource use analysis of intensive Pangasius aquaculture, including certified 
and non-certified farms, was obtained by performing a cradle-to-farm gate LCA according to the 
ISO 14040/14044 guidelines (ISO, 2006a,b). Infrastructure, maintenance, and labour were 
excluded while transport of ingredients from origins to feed mills and of inputs to the farms were 
accounted for. No primary data were available on fingerling stocking in certified farms. The 
contribution of fingerling production was quantified based on the primary data of 7 fingerling 
production systems with an average weight of 52 ± 29 g per fingerling studied by Huysveld et al. 
(2013) (see Section 3.3.2.2 ‘Intensive pond farming’) since there is very little detailed (data) 
information available for the hatchery production of Pangasius. The functional unit (FU) was set 
at one tonne live-weight of Pangasius delivered at the farm gate. The functional unit (FU) was set 
at one tonne live-weight of Pangasius delivered at the farm gate.  
Life cycle inventory (LCI). Foreground data of Pangasius aquaculture were obtained from 10 
certified farms (CFs) and 10 non-certified farms (NFs). A survey was conducted in 2013 by 
administering a questionnaire to the producers of 20 farms in the Mekong Delta in Vietnam, of 
which 10 CFs (CF1 to CF10) and 3 NFs (NF1 to NF3) provided enough data which were recorded 
in the first half 2013. In total, these farms used 7 different types of feed, i.e. F1 to F7, of which 
ingredient compositions were provided by the producers. The 10 CFs achieved both ASC and 
GlobalGAP certifications. This study also considered the four farms (NF4 to NF7) studied by 
Huysveld et al. (2013) and Nhu et al. (2015b), and the three farms (NF8 to NF10) studied by van 
der Heijden et al. (2012). The average composition (Fa) of feeds F1 to F7 was applied to the three 
farms NF8, NF9 and NF10 since neither feed types nor compositions were presented for these 
farms. All CFs and NFs met the following criteria: (i) intensive pond farming, and (ii) their water 
input was measured throughout the production, and not estimated as done in other studies 
(Bosma et al., 2011; Phan et al., 2009). Water input is defined here as the water removed from 
the body and introduced into the farm (i.e. water exchange through the pond). Land occupation 
(m2 year kg-1) of the production processes of agriculture-based inputs was calculated by the 
average 10-year (2003-2012) data of crop productivity (kg ha-1 year-1) (FAOSTAT, 2016). 
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Chemicals for farming (except lime) were assumed as organic chemicals because of unavailability 
of detailed information (i.e. list of chemicals, quantity used of each type). Rainfall quantity was 
taken from the dataset produced by the Climatic Research Unit (CRU) of University of East Anglia 
(UEA) for Vietnam at Cai Be in the 1990-2012 period (World Bank group, 2016). 
Moreover, this study considered 12 different feed types, including F1 to F7 from the survey (2013), 
F8 from Huysveld et al. (2013) mentioned above and other four types (F9 to F12) studied in 
Bosma et al. (2011) to identify resource hotspots for feed production, and also considered for the 
subsequent simplification, though feeds F9 to F12 were not used by the 20 studied farms. These 
12 feeds were all commercial feeds. In addition to the feed compositions, other inputs of feed 
production (i.e. electricity, diesel, water use), origins of feed ingredients and transportation 
distances of feed ingredients to the feed mills and of farm inputs (e.g. chemicals, feed, etc.) to the 
farms were taken from the works of Bosma et al. (2011) . Feed F8 and the four farms NF4 to NF7, 
presented by Huysveld et al. (2013) who performed a specific study with one retailer, used the 
original data.  
Background data were mostly retrieved from the Ecoinvent v.2.2 database (Frischknecht and 
Rebitzer, 2005), following Huysveld et al. (2013) and Bosma et al. (2011) for production processes 
of major feed ingredients; Nhu et al. (2015b) for the Vietnamese electricity supply. More 
information on LCI results for feed and farming systems is presented in Supplementary material 
B1, Table B1. Allocation strategies of the multi-output processes of the Ecoinvent were kept as 
origin while the physical property, i.e. exergy content, was selected as allocation base for the 
remaining wherever practically feasible, following the ISO guidelines (ISO, 2006b).  
Life cycle impact assessment (LCIA). The life-cycle resource use was addressed as the 
Cumulative Exergy Extraction from the Natural Environment (CEENE) (Dewulf et al., 2007). We 
applied the CEENE v.2013 (Alvarenga et al., 2013) in which the category land resources comprise 
of both land occupation (for man-made systems, e.g. agriculture) and biomass harvested (for 
natural systems, e.g. primary forest). A more comprehensive explanation about the CEENE 
v.2013 method can be found in Section 1.3.1.3 ‘Life cycle impact assessment (LCIA)’.  
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 Simplification  
Multiple linear regression (MLR) was applied in this study to exploit the statistical relations that 
were available in the collected data to establish two models. First, the model of the CEENE (GJ) 
over the cradle to feed mill gate per tonne feed (CEENEFEED), was built by using the ingredient 
compositions of the 12 feeds (F1 to F12). Second, the model of CEENE over the cradle to farm 
gate per tonne Pangasius (CEENEFARM) was built from resource use hotspots identified on the 
basis of the CEENE analysis on both NFs and CFs. 
Models were built by applying best subsets regression (Kutner et al., 2013). From a set of p 
predictors, 2 x 2p-1 alternative models can be constructed. Based on the defined criteria, a detailed 
examination can then be made of these models, leading to the selection of the final regression 
model to be employed. In this study, the criteria for model selection were based on (1) the R-
squared value (R2), (2) the overall F-test for testing whether there is a regression relation between 
the response variable (Y; in this case the CEENE-outcome) and the set of predictor variables (X) 
(F-statistic) and (3) the statistical significance of a predictor in the regression model (the p-value). 
R2 is the coefficient of multiple determination, which can be interpreted as the proportionate 
reduction of total variation associated with the use of the set of the predictor variable X1, X2… 
Xp-1. Thus, the larger R2 is, the more the total variation of Y is reduced by introducing these 
predictors. The F test is a statistical test that considers a null hypothesis for which all regression 
coefficients are zero while the p-value is a result of individual statistical tests based on the null 
hypothesis that individual regression coefficients are zero. Both F-statistics and p-values were 
compared with a significance level of 0.05. A value higher than 0.05 leads to the conclusion that 
there is not enough proof to reject aforementioned hypotheses.  
To ensure a data set satisfies the prerequisite of linear regression, all candidate predictors (X) 
were first tested for normality (Lilliefors, 1967) and followed by the collinearity test proposed by 
Belsley et al. (1980). It is important to study collinearity between predictors because it can lead 
to the exclusion of one or more predictors from the final model due to statistical insignificant of 
the estimated regression coefficients (p-value > 0.05). In addition, because of small sample size, 
the outlying cases should be analysed carefully and decide whether they should be retained or 
eliminated from the data set. These outlying cases may involve large residuals and often have 
Chapter 3 
 
66 
dramatic effects on the fitted least squares regression function or low R2 value. When the 
constructed models obtained a low R-squared value (R2 < 0.5), potential outliers were then 
detected for each predictor variable X by Cook’s distance, i.e. the scaled change in fitted value 
(D) and for the responder (Y) by internally studentized residuals (t) (Stevens, 1984). The 
procedure of simplification was implemented using the MATLAB v.2013. 
 
 Results and discussions 
 Hotspot identification  
The environmental hotspots with respect to resource use were identified for both Pangasius feed 
production and intensive Pangasius aquaculture through conducting LCIA on the inventory of 12 
feeds and 10 CFs and 10 NFs. 
3.3.1.1 Hotspot identification in feed production 
This study considered twelve different feeds originating from the survey (F1 to F7), the work of 
Huysveld et al. (2013) (F8) and study by Bosma et al. (2011) (F9 to F12). The studied feeds were 
firstly noted to consist of high mass percentage of agriculture-based ingredients (AGR of 84 to 
92%, i.e. products originating from crop cultivation (rice bran, soybean meal, etc.) and farmed 
livestock production (e.g. poultry meal)), except F12 (69%). Soybean meal (21-41%) and rice 
bran (28-44%) represented major shares. Feeds F11 and F12 took exceptions in terms of the 
share by mass of rice bran (7.5% for F11 and 0% for F12) and of soybean meal (53% for F12). 
The mass percentage of fish-based ingredients (FISH, i.e. fishmeal, fish oil) and additives (ADD, 
e.g. vitamins, minerals, etc.) varied drastically among the studied feeds (FISH of 5-15% and ADD 
of 0-11%). No distinction was made between the feed used by NFs or CFs when some NFs and 
CFs applied similar feed compositions. The CEENE over the cradle to feed-mill gate per tonne 
feed (CEENEFEED) amounted to 98 GJ. Of all feed considered, the production of feed ingredients 
proved to be the highest contributor (88%) of which fish-based ingredients and additives were 
responsible for 6 and 2% of the resource footprint, respectively. Agriculture-based ingredients 
were of primary relevance (80%), resulting in a high cumulative use of land (71%) and water 
(13%) resources for the crop cultivation. Water use for feed production showed almost no 
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contribution to the total resource extraction whereas the transport of feed ingredients to feed mills 
and the energy (i.e. electricity and diesel) consumption contributed 5% and 6% respectively to 
the CEENEFEED; these inputs along with the production of feed ingredients resulted together in a 
large share of fossil fuel resources (12%) to the CEENEFEED. The relative contribution of these 
inputs to the cumulative resource footprint of Pangasius feeds from cradle to feed mill gate is 
presented in Figure 3.1. In short, in spite of variation in grain and processed agricultural by-
products (AGR) among the 12 feeds, the final target formulation is uniform between producers, 
explaining the low variation in CEENEFEED (standard deviation SD 6 GJ tonne-1 feed). This could 
be explained by a small dispersion in the mass percentage of agriculture-based ingredients (87%, 
SD 6%) which contributed mostly to the CEENEFEED. 
 
  
(a) (b) 
Figure 3.1. Relative contribution of (a) each inputs and (b) each resource types to the cradle-to-feed mill 
gate resource footprint of the studied Pangasius feeds (CEENEFEED). AGR: agriculture-based 
feed ingredients (i.e. by-products of crop cultivation and farm-livestock production), FISH: fish-
based ingredients (fishmeal, fish oil), ADD: additives (vitamins, minerals), OTHERS: other 
inputs of feed production (water, diesel, electricity, etc.), except feed ingredients. F1 to F7 were 
taken from the survey in 2013, F8 from Huysveld et al. (2013), F9 to F12 from Bosma et al. 
(2011). 
 
3.3.1.2 Hotspot identification in Pangasius aquaculture 
The CEENE over the cradle to farm gate per tonne Pangasius (CEENEFARM) amounted to 321 GJ 
for NFs and 304 GJ for CFs. On average, the resource footprint was 312 GJ tonne-1 Pangasius, 
calculated over 10 NFs and 10 CFs. The relative contribution of each inputs to the cumulative 
resource use from cradle to farm gate is presented in Figure 3.2. The difference between the 
lowest and highest CEENEFARM is larger than 2-fold; consequently, there is room for improvement, 
particularly on water input. On-farm feed inputs (55% for NFs and 54% for CFs) and pond water 
renewal (44% for NFs and 46% for CFs) contributed primarily to the CEENEFARM and therefore 
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were identified as the hotspots in the resource use of both NFs and CFs. High water renewal 
resulted in the largest share of water resources (51% for NFs and 52% for CFs) to the CEENEFARM 
while feed input accounted for the high cumulative exergy extraction related to land occupation 
(42% for NF and 40% for CFs) and fossil fuel (5% for NFs and 6% for CFs) resources. The results 
showed that both NFs and CFs intensive farms required high amount of land and water resources; 
and second, the contribution of water and land resources to the CEENEFARM were rather similar 
between NFs and CFs. This is explained by an equal consumption of feed and water inputs in the 
two group farms (on average: economic Feed Conversion Ratio (eFCR, tonnes of feed used per 
tonnes of fish growth) of 1.67 (SD 0.13) for NFs and 1.56 (SD 0.14) for CFs and water use of 
3,039 m3 for NFs and 2,903 m3 per tonne Pangasius produced). The eFCR was defined in the 
ASC standards as the amount of feed used to support the change in fish biomass over the farming 
period (ASC, 2012). Huysveld et al. (2013) highlighted the same environmental hotspots with 
respect to resource use. These authors also addressed the possible improvements to Pangasius 
aquaculture, and are also valid for our outcomes, which focus on reducing the use of water and 
feed inputs into the ponds, improving the efficiency of the feed supply chain and introducing life 
cycle thinking to the farmers. The latter helps the farmers at least acknowledge that the resource 
footprint of their feeds would be possibly reduced by (i) a better farming efficiency (i.e. a lower 
feed conversion ratio) or (ii) a lower burden of a unit of feed through, e.g. selecting the feed 
suppliers. Their acknowledgement extends from a gate-to-gate boundary to a cradle-to-gate 
boundary. Attention should not only be paid to their own farming, but also on the selection of their 
feed suppliers, although one should also keep in mind the quality of the feed, the practical 
limitation of price and timeframe that the feed composition describes.   
Moreover, water use dispersed larger among NFs (SD 1911 m3 t-1 Pangasius) than among CFs 
(SD 1368 m3 water). This is reasoned by the fact that the ASC standards set the maximum water 
use of 5000 m3 t-1 Pangasius produced; this input therefore was better managed in the CFs 
reflecting through its lower spread. The resource use between NFs and CFs was rather 
comparable in terms of the absolute mean value and the spread; consequently, the concern 
whether the application of certification schemes to intensive Pangasius aquaculture consumes 
resources (i.e. CEENE) more efficiently should be statistically tested with a level of confidence. 
This is studied in Chapter 5 under acknowledgment of the uncertainty levels (Henriksson et al., 
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2015a) in which the comparison between CFs and NFs is extended to other typical environmental 
impacts of an aquaculture production system (i.e. Pangasius), including climate change, 
acidification and eutrophication.  
  
(a) (b) 
Figure 3.2. Relative contribution of (a) each inputs and (b) each resource types to the cradle-to-farm gate 
resource footprint of the studied farms (CEENEFARM).  
 
Besides, there was no linear relationship between the cumulative resource use of feeds 
(CEENEFEED) and the eFCR, the indicator reflecting the efficiency of animal production (Figure 
3.3). Moreover, the eFCR value, i.e., the amount (tonne) of feed used (not feed eaten) per tonne 
biomass weight gain, is a function of many parameters, e.g., the genetic, age and health status 
of cultured animal, the quality and ingredient composition of feed, the conditions in which the 
animal is cultured and the farming practice of farmworkers, etc. One should note that these 
parameters can be related and should be considered entirely independent. Feed F8 was used at 
six farms (NF4-7 and CF8-9); however, the eFCR values were different among these farms which 
had similarities with respect to the cultured species (Pangasius) and feed type (feed F8). 
Consequently, the lowest eFCR value at farm CF9 using feed F8 is possibly explained by a better 
farming condition and/or a better practice of farmworkers since this farm followed the ASC 
scheme. The feed contributing the lowest to the aquaculture system (feed F8, CEENEFEED x eFCR 
of 116 GJ tonne-1 Pangasius) was used in farm CF9 while farm NF8 used the feed with the highest 
contribution (feed Fa, 187 GJ tonne-1 Pangasius). It means that farm NF8 would reduce its 
resource footprint (CEENEFARM) by 24% if using feed F8 as efficiently as farm CF9.  
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Figure 3.3. Relative relationship of the economic Feed conversion ratio (eFCR), the total cradle-to-gate 
resource footprint of feeds (CEENEFEED), and the contribution of feed inputs to the aquaculture 
system (CEENEFEED x eFCR) of the studied farms. ‘Feed’ refers to the feed types used in the 
corresponding ‘Farm’. Fa had a composition equal to the average one of 7 feeds (F1 to F7). 
 
 Simplification through multiple linear regression models (MLR) 
The results obtained from the above-mentioned case studies were used to construct a model, in 
fact linear equations, for Pangasius producers to assess their cumulative resource consumption 
over the Pangasius life cycle via some key parameters instead of using a complex data-intensive 
LCA.  
3.3.2.1 Feed production MLR 
The production of feed ingredients is the major resource hotspot for feed production. Except feed 
ingredients, other inputs (i.e. water input, diesel, electricity) to produce studied feeds, except F8 
(Huysveld et al., 2013), were taken from the work of Bosma et al. (2011). These inputs were 
equivalent to the resource extraction per tonne feed of 12 GJ (12% of the CEENEFEED) for feeds 
F1 to F7 and of 8 GJ (8%) for feed F8. On average, the resource extraction of these inputs is 
simplified in equation 3.3 of 10 GJ of natural resources per tonne feed. Consequently, these inputs 
were not considered as predictor variables for the model for feed production by subtracting their 
contribution from the CEENEFEED to get the responder (Yf, ‘f’ stands for ‘feed’) (Eq. 3.1). The 
predictor variables (Xf) were, using attained knowledge on resource hotspots, defined as the 
share in mass percentage (%) for three groups of feed ingredients: agriculture-based (i.e. 
ingredients originating from crop cultivation and farmed livestock production, AGR), fish-based 
(i.e. ingredients originating from aquaculture and fishery, FISH) and additives (i.e. vitamins, 
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minerals, ADD). This classification was based on the ingredient origins: terrestrial or fishery 
systems. Thus: 
Yf = CEENEFEED – 10 (3.1) 
with: Yf: GJ tonne-1 feed, CEENEFEED: GJ tonne-1 feed 
Priory, predictor variables were checked if they had a normal distribution. This was the case for 
all of them except a slightly deviation from normality of AGR (Supplementary material B2, Table 
B2). This deviation, however, was the result of small sample size and/or influent of outliers. No 
data transformation was hence performed. Collinearity diagnostics indicated a strong collinearity 
between predictors AGR and FISH (Supplementary material B2, Table B3) beside the fact that 
the sum of the value of predictor variables are always 100% as they were calculated as mass 
proportions of feed ingredients. As result, one or two predictor would be omitted from the 
regression model since it can be explained by other predictors.  
The statistical relation between Xf and Yf was examined by performing single regression of all 3 
predictors. The results showed weak linear associations with Y (correlation coefficients RAGR = 
0.29, RFISH = -0.31, RADD = 0.07). There were two possibilities to explain this: (i) no linear relation 
between Yf and Xf, or (ii) potential influence of outliers. If the former is true, there is no linear 
association between Xf and Yf in the sample data, and the predictor variables Xf were of no help 
in reducing the variation in the observations Yf with multiple linear regression. Data transformation 
or different interaction terms should then be introduced during the construction of models. In the 
second case, the data contains one or more cases, which are well separated from the remainder 
of the data. A case may be outlying or extreme with respect to its Yf value, its Xf value(s), or both. 
Importantly, constructed models for predicting Yf based on Xf of 12 feeds obtained low R2 values 
(<0.5) for all cases (see Supplementary material B2, Table B4), outlier detection is therefore 
essential. Indeed, feeds F11 and F12 from the feed companies F and G (Bosma et al., 2011) 
were then identified as the outliers in Yf and Xf, respectively (see Supplementary material B2, 
Table B5), which could be explained by the low share in mass of the agriculture-based ingredients 
(AGR, 69%) of F12 and of rice bran (7.5%) of F11. This ingredient was identified as one of the 
most important agriculture-based ingredients when it drove the cumulative resource footprint of 
Pangasius feeds (CEENEFEED) in addition to soybean meal due to (i) its high share of mass (28 
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to 44% for F1 to F10) and (ii) high amount of resources extracted for its production (92 GJ tonne-
1 rice bran). Removal of F11 and F12 from the data set resulted in a significant improvement of 
linear correlation between Xf and Yf (correlation coefficients RAGR = 0.95, RFISH = -0.62, RADD = 
0.07, see Supplementary material B2, Figure B1). These plots indicated that AGR and FISH 
obtained a high linear association with the responder Yf, particularly AGR. This can be explained 
by the highest contribution of AGR to the feed ingredients (87% by mass). 
On the basis of these analyses, it was clear that Yf would be used to present predictors in linear 
terms and not to include any interactive term (i.e. term as AGR × FISH or AGR × ADD). Model 
construction procedure was performed following aforementioned method. From the set of three 
predictors, it is possible to make a detailed examination of all possible regression models. In this 
case, there were 14 alternative models constructed and presented in Supplementary material B2, 
Table B6.  
The two equations (3.2) and (3.3) (Table 3.1), were selected while they met the criteria defined 
above: (i) the rather high R2 (R2 > 0.9); (ii) the p-values of coefficients of intercept and predictors 
(AGR, FISH, ADD) lower than the chosen significant level 5% (p-values < 0.05); (iii) the F-statistic 
< 0.05, and (iv) the predictor (AGR), the important feed ingredients to the CEENEFEED (Section 
3.3.1.1 ‘Hotspot identification in feed production’), was not eliminated. The R2 > 0.9 expressed 
that the predictor variables Xf accounted for more than 90% variation of the observations of Yf 
while p-values < 0.05 indicated that the particular predictor provide much more additional 
information when other predictors were already in the model. 
The application of Eq. (3.2) or (3.3) depends on available data of feed compositions. We 
recommend to apply firstly Eq. (3.2) since it was simpler than Eq. (3.3) because it contains only 
one predictor AGR. The model of one important variable (AGR) would be helpful to provide more 
intuitive understanding and to unravel the relationships between feed ingredients and the CEENE 
over the cradle to feed-mill gate per tonne feed (CEENEFEED). The result could be checked by Eq. 
(3.3) when information of feed ingredients (i.e. AGR, FISH, ADD) is fully available. The correlation 
between the calculated CEENEFEED (directed LCA results) and the predicted CEENEFEED obtained 
from equations (3.2) to (3.3) was presented in Supplementary material B2, Figure B2. 
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Table 3.1. Final retained equations to predict the life-cycle cumulative resource use of Pangasius feed 
(CEENEFEED) and of Pangasius aquaculture (CEENEFARM) 
Production 
system 
 Regression equations R2 
Feed 
production 
Eq. 
(3.2) 
CEENEFEED a = -70.4 + 189.9 x AGR  0.900 
Eq. 
(3.3) 
CEENEFEED a = 109.3 x AGR - 81.1 x FISH -74.7 x ADD + 10 0.900 
Intensive 
farming 
(CFs and 
NFs) 
Eq. 
(3.4) 
CEENEFARM = (100.963 x eFCR + 0.050 x water input) + CEENEFING  
CEENEFARM b = 100.963 x eFCR + 0.050 x water input+ 0.3 x FING               
0.992 
Non-
certified 
farms (NFs) 
Eq. 
(3.5) 
CEENEFARM = (99.122 x eFCR + 0.051 x water input) + CEENEFING  
CEENEFARM b = 99.122 x eFCR + 0.051 x water input+ 0.3 x FING 
0.996 
Certified 
farms 
(CFs) 
Eq. 
(3.6) 
CEENEFARM = 104.583 x eFCR + 0.048 x water input + CEENEFING 
CEENEFARM b = 104.583 x eFCR + 0.048 x water input+ 0.3 x FING   
0.985 
Intensive 
farming 
(CFs and 
NFs) 
Eq. 
(3.7) 
CEENEFARM c = ((-70.4 + 189.9 x AGR) x eFCR + 0.050 x water input) 
+ CEENEFING 
CEENEFARM bc = (-70.4 + 189.9 x AGR) x eFCR + 0.050 x water input 
+ 0.3 x FING               
0.998 
CEENEFEED: GJ tonne-1 feed and AGR, FISH, ADD: mass percentage (%) 
CEENEFARM: GJ tonne-1 fish, eFCR: tonne feed used tonne-1 fish, water input: m3 tonne-1 fish, FING: weight 
of fingerling stocked (kg fingerling tonne-1 fish). 
a Contribution of other inputs (e.g. inputs of milling: water, diesel, etc. and transport), estimated to be 10 GJ 
tonne-1 feed (Eq. (3.1)), was included in Eq. (3.2) and (3.3). 
b The contribution of fingerlings (CEENEFING) to the CEENEFARM could be simply estimated by the weight of 
fingerling stocked (kg fingerling tonne-1 fish) and the specific CEENE per kg fingerling (0.3 GJ kg-1 fingerling) 
calculated from the primary data of 7 fingerling production systems (Huysveld et al., 2013) . 
c The extrapolation from equations Eq. (3.2) and (3.4) for predicting the CEENEFARM. 
 
The two equations Eq. (3.2) and (3.3) might imply that one can decrease the cumulative resource 
use of Pangasius feeds (CEENEFEED) by replacing AGR with FISH and/or ADD (sum of AGR, 
FISH, ADD was constant at 100%); however, this is valid only for certain Pangasius feed 
compositions, which contain AGR by mass of 84 to 92%, sum of soybean meal and rice bran of 
54-84%. Due to this limitation, feeds F11 (soybean meal and rice bran of 42.5%) and F12 (AGR 
of 69%) were identified as the outliers when building the model, the equations are therefore not 
applicable to feeds similar to F11 and F12. A negligible mass percentage of fish oil is noted for 
all 12 feeds. The obtained models (Eq. 3.2 and Eq. 3.3) were constructed based on the dataset 
of only 12 feeds and remarked to be valid only for certain feed compositions, further research with 
a larger number of samples (feed types) is therefore recommended. Moreover, to promote a better 
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resource use at Pangasius farms, ASC standards set a maximum fish feed equivalence ratio 
(FFER) of 0.5 in addition to a maximum eFCR of 1.68. FFER is a measure of the efficiency with 
which fish products (i.e. fishmeal and fish oil) used in the feed are converted to live fish. This 
criterion is defined by the product of eFCR and mass percentage of fish products in feed per the 
yield of fish products from wild caught fish (global average of 22.22% for fishmeal and 5% for fish 
oil) (ASC, 2012). Consequently, to achieve an eFCR lower than 1.68, mass percentage of 
fishmeal and fish oil in feed should be maximum 6.6% and 1.5%, respectively, corresponding to 
a minimum mass percentage AGR of 91.9%. Pangasius producers who would reduce the 
resource footprint of feeds (i.e. CEENEFEED) by reducing the mass percentage of AGR should 
keep in mind such issue. The CEENE method is in need of a better assessment of the 
environmental impact of wild caught fish, inspired by the work of Luong et al. (2015). 
Moreover, from the viewpoint of trophic levels, feed ingredients can be categorized in another 
manner: crop-based (i.e. ingredients originating from crop cultivation, CROP), animal-based (i.e. 
ingredients originating from farmed livestock, aquaculture, and fishery, ANI) and additives (i.e. 
vitamins, minerals, premix, ADD) which form the basis of another set of three predictors to present 
the CEENEFEED. These results were presented in Supplementary material B2, Table B7. 
Remarkably, the values (%) of AGR and FISH were equal to that of CROP and ANI, respectively, 
for F1 to F12 (except F8) when these feeds did not consist of farm livestock-based ingredients. 
Only F8 (Huysveld et al., 2013) contained poultry meal which is possibly classified as agriculture-
based (AGR) or animal-based ingredient (ANI), resulting in the difference in the values of AGR 
and CROP as well as of FISH and ANI. The mass percentage of poultry meal was negligible; 
consequently, the two ways of grouping feed ingredients obtained predicting models with rather 
similar coefficients of the predictor variables. The share in mass of farmed livestock-based 
ingredients in Pangasius feeds was reported to be small, for instance: meat and bone meal made 
up 3.4% and blood meal contributed 0.1% (Henriksson et al., 2015a). In other words, splitting 
feed ingredients in view of trophic levels or ingredient origins could negligibly affect constructing 
the regression models to predict the resource footprint of the considered type of Pangasius feeds.  
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3.3.2.2 Intensive pond farming MLR 
On-farm feed and water inputs accounted for 99% of the resource footprint of Pangasius 
aquaculture, eFCR (tonne feed used tonne-1 Pangasius) and water input (m3 tonne-1 Pangasius) 
reflecting these two key inputs were therefore considered as the basic predictors (Xp, ‘p’ stands 
for pond) of the models to start with while the responder (Yp) was the CEENE to deliver one tonne 
Pangasius at the farm gate (CEENEFARM).  
Necessary tests were performed to ensure all prerequisites of linear regression are satisfied 
(Supplementary material B3, Tables B8 and B9). The data set of eFCR and water input from NFs 
and CFs showed no deviation from the normal distribution. Good potential linear regression model 
to predict the CEENEFARM from both water input and eFCR was proven by very good linear 
associations between Xp and Yp (correlation coefficients RWATE = 0.99, ReFCR = 0.65, see 
Supplementary material B3, Figure B3).  
The strong correlation between predictors (i.e. eFCR and water input) was identified by the multi-
collinearity test, which suggested that only one predictor should be included in the final model. In 
this study, three model setups were performed on three specific cases based on data set of NFs 
and CFs in separated and of grouping these farms (Supplementary material B3, Table B10).  
The equations (3.4), (3.5) and (3.6) were reported to be adequate in term of both R2 ≥ 0.95, F-
statistic << 0.05 and p-value << 0.05. These models were helpful enough to explain more than 
98% of the variances in the resource use of both NF and CF farms based on available data. As 
can be seen from Table 3.1, there is no significant differences among the coefficients of the three 
cases (i.e. NFs and CFs in separated and their grouping); this suggested a similar trend in linear 
association of feed and water inputs with the resource footprint in both NFs and CFs. The equation 
(3.4) (which was built on data of both type of farms) was therefore selected as the best candidate 
to predict the CEENEFARM for intensive Pangasius farming. The use of this model would result in 
more accuracy in prediction of the CEENEFARM for the NF farms than for the CF farms as the 
mean square error of NF is smaller than that of CF (the mean squared differences between 
predicted values and observed values, MSENF and MSECF are 45.14 and 83.84, respectively).  
The CEENEFARM could be, actually, predicted by only the water input (Supplementary material 
B3, Table B10) which highlighted the key role of water management in the intensive Pangasius 
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aquaculture, regardless of the farm types (i.e. NFs or CFs). Nevertheless, in addition to water 
input, feed use was also identified as the hotspot in resource use of the intensive farming (see 
Section 3.3.1.2 ‘Hotspot identification in Pangasius aquaculture’) as it resulted in the high 
extraction of land and fossil fuel resources. This input was proven to contribute primarily to other 
environmental impact categories, including global warming, acidification, human toxicity and 
marine aquatic ecotoxicity, and contribute indirectly to eutrophication and freshwater aquatic 
ecotoxicity through pond effluents (Bosma et al., 2011). Consequently, to estimate the cumulative 
resource use of Pangasius aquaculture, we recommend the application of equations Eq. (3.4), 
(3.5) and (3.6), which highlighted the importance of both feed and water inputs in the 
environmental performance of intensive Pangasius aquaculture with respect to resource 
consumption.  
Interestingly, the coefficients of eFCR and water input were noted to be rather equal to the CEENE 
value of feed (CEENEFEED of 98 GJ tonne-1 feed) and of river water (0.050 GJ m-3 water), 
respectively. It is explained by the fact that (i) first, feed and water inputs contributed mostly (99%) 
to the CEENEFARM; (ii) second, the CEENEFEED value obtained a small dispersion (SD 6 GJ    
tonne-1 feed) despite of the different feed compositions (see Section 3.3.1.1 ‘Hotspot identification 
in feed production’).Besides, the negligible share of other farm inputs (e.g. land occupation, 
chemicals, electricity, etc.) was only 1%; therefore, the CEENEFARM could be predicted through 
the contribution of only feed and water inputs as Eq. (3.7) under the condition of feed composition 
mentioned in Section 3.3.2.1 ‘Feed production MLR’. The correlation between the calculated 
CEENEFARM (directed LCA results) and the predicted CEENEFARM obtained from equations (3.4) 
to (3.7) was presented in Supplementary material B3, Figure B4. 
3.3.2.3 Extrapolation  
One should acknowledge the practical limitation when applying these equations to predict the 
CEENEFEED and CEENEFARM. Firstly, the timeframe was different between the studied feeds and 
farms: the first half of 2013 for feeds F1 to F7, farms NF1 to NF3 and CF1 to CF10; the second 
half of 2010 for farms NF8 to NF10 (van der Heijden et al., 2012), 2009 and the first half of 2010 
for feed F8, farms NF4 to NF7 (Huysveld et al., 2013); and 2009 for feeds F9 to F12 (Bosma et 
al., 2011). Secondly, the equations are only valid for similar types of farms and feeds as those 
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considered. Feed characteristics and compositions vary greatly per species, e.g. even feeds F11 
and F12 were identified as the outliers from the other 10 feeds though they are all commercial 
feeds for Pangasius. Hence the application of equations (3.2), (3.3) and (3.7) is limited to 
Pangasius commercial feeds having following compositions: AGR by mass of 84-92% (sum of 
soybean meal and rice bran of 54-84%), and containing a negligible part of fish oil and farm 
livestock-based ingredients (see Section 3.3.2.1 ‘Feed production MLR’).  While NFs and CFs 
are all intensive pond farms which extracted large amounts of water and land resources through 
using feed and water inputs, equations (3.4), (3.5) and (3.6) could be considerately applied for 
other intensive fish farming systems with similar characteristics. However, one should keep in 
mind differences in feed types (i.e. commercial or farm-made feeds) and water sources (e.g. river, 
groundwater or brackish water) which are quantified in the CEENE method via their exergy 
content. For example, salt water extracts no water resource while river/lake water consumes 
around 50 MJ m-3, depending on the quality (e.g. total organic carbon (TOC), chemical oxygen 
demand (COD), etc.). Besides, this study investigated only 10 certified and 10 non-certified 
intensive farms and 12 feeds; we therefore recommend a broader-scale survey while an 
extrapolation in other contexts, e.g. regional extrapolation of farm-level LCAs, require a 
representative farm sample, e.g. a high number of farms covering all types of agricultural 
production and practices in a catchment/watershed (Avadi et al., 2016).  
 Conclusions 
Inferred equations, in fact regression equations, were developed for predicting the cradle-to-gate 
resource consumption (expresses as cumulative exergy extracted from the natural environment; 
CEENE) of Pangasius feeds and intensive aquaculture, including both certified and non-certified 
farms, in the Mekong, Vietnam: 
▪ The cumulative resource use of Pangasius feeds (CEENEFEED, GJ tonne-1 feed) could be 
estimated by only one predictor: the mass percentage of agriculture-based ingredients in 
feed (AGR) which was identified as the hotspot in resource use of feed production (the 
share of 87% by mass and 80% by the CEENEFEED). The CEENE of feed equation 
(CEENEFEED = -70.4 + 189.9 x AGR) was noted to be valid only for the most common feed 
compositions. 
Chapter 3 
 
78 
▪ The cumulative resource use of Pangasius fish (CEENEFARM, GJ tonne -1 Pangasius) 
cultured in the intensive farms could be estimated by the two predictors: economic feed 
conversation ratio (eFCR, tonne feed used tonne-1 Pangasius) and water input (m3 tonne-
1 Pangasius) which contributed most (99%) to the resource use of farms. This is valid for 
both certified (CFs) and non-certified (NFs) groups. There were no significant differences 
among the predictor coefficients of the three cases (i.e. NFs and CFs in separated and 
non-separated analysis). Consequently, the equation established for the non-separated 
analysis (grouping of NFs and CFs) (CEENEFARM = 100.963 x eFCR + 0.050 x water input) 
can be applied for the three cases. 
▪ The predicting models for Pangasius feeds and aquaculture delivered a good 
interlinkage. Consequently, the resource use of farms (CEENEFARM) could be predicted 
from the particular share by mass of agriculture-based feed ingredients and quantity of 
pond water use. 
▪ Application of these equations is limited to farm and feed types similar to those 
considered, and this specifically for the unique pond systems in Vietnam. It is suggested 
to use a broader database or collect a new data set to better verify an applicability of the 
established equations to Pangasius farming Vietnam. 
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 Introduction 
Fishery products have traditionally retained an important role in the food industry and an important 
export revenue of many countries. The period of 1976 - 2008 witnessed a 13-fold growth in the 
value of world trade in the seafood sector, rising from US$8 billion to US$102 billion (FAO, 2012). 
An elaborate network of transportation, distribution and marketing, as well as innovations in 
processing and packaging, have facilitated fishery production to move from local consumption to 
international markets. This development brought forth a number of environmental sustainability 
concerns with respect to resource extraction (e.g. material and energy consumption) as well as 
emissions (e.g. fish offal, effluent discharge and solid waste disposal).  
To quantify environmental sustainability, tools are required. One of these is life cycle assessment 
(LCA), an ISO standardized biophysical accounting framework that compiles and evaluates 
inputs, outputs and the potential environmental impacts of a product system throughout its life 
cycle (ISO, 2006a). A considerable number of LCA studies have focused on fishing and 
aquaculture; however, less attention has been paid to processing and distribution. For instance, 
eight out of nineteen publications on LCA of fishery systems included fish processing and 
transportation (Avadi and Freon, 2013) compared to only four out of twelve being aquaculture 
LCA studies (Henriksson et al., 2012). This shows a gap in the literature; studying these phases 
would help to obtain a more complete view of fish products’ life cycle. Data on food processing is 
generally lacking; therefore, additional research is required (Sanjuan et al., 2014). However, 
opportunities for improvements within processing and distribution remain important to more 
completely, efficiently and effectively use of available natural resources (Ayer et al., 2009; Tlusty 
and Lagueux, 2009).  
Pangasius has become commercialized in international markets. It is already considered to be a 
good low-priced alternative for marine staples, such as cod and haddock in the European Union 
(EU) and the indigenous channel catfish (Ictalurus punctatus) in the United States (US) (Belton 
et al., 2011). With a production of approximately 1.3 million tonnes in 2010, Pangasius became 
the ninth-major freshwater fish cultivated via aquaculture worldwide (FAO, 2012). Pangasius, with 
Viet Nam the main exporter, is a relatively recent arrival in terms of international trade; but it is 
now being exported to a growing number of markets, of which the US and EU are the two largest 
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importers (FAO, 2016). Vietnamese Pangasius export revenue has increased by approximately 
40-fold over 10 years from 37,500 tons (US$40 million) in 2001 to 1.35 million tons (US$1.4 billion) 
in 2010 (Real, 2011).  
 
Figure 4.1.Overview of the pathway of Pangasius fillet products from Vietnamese aquaculture to Belgian 
retailers (mass of flows corresponds to the functional unit, one tonne of dry matter of natural 
fillets in packaging, and the interpreted scenario: weight gain of 14% during soaking, 10% during 
glazing and IQF350 packaging). IQF: individual quick freezing. 
 
Pangasius from Vietnam requires significant processing after harvesting. Farmed fish are locally 
processed into skinless and boneless frozen fillets and subsequently exported to international 
markets, where they are directly shipped to customers through distribution channels or further 
processed into added-value products (i.e. modified atmosphere packaging (MAP) fillets (Figure 
4.1)). MAP has gained popularity in the food industry as a method that meets consumer demands 
for fresh and thawed products with an extended shelf life (Sivertsvik et al., 2002). While several 
studies have been performed regarding the environmental issues of the Vietnamese Pangasius 
catfish itself using the LCA approach, they remain limited to the aquaculture phase (Bosma et al., 
2011; Huysveld et al., 2013; Kluts et al., 2012). Focusing in detail on resource consumption of 
feed production, hatchery and culturing of Pangasius in the Mekong Delta, Vietnam, Huysveld et 
al. (2013) used an exergy approach. Exergy is the useful portion of energy obtained from a 
resource when bringing it to a predefined reference state (Dewulf et al., 2008). All resources were 
expressed in their exergy content and aggregated using the Cumulative Exergy Extracted from 
the Natural environment (CEENE) method (Dewulf et al., 2007), explained in Section 4.2.4., 
‘Exergy analysis and impact assessment methodology’. The processing phase was identified in 
Anh et al. (2010), but only the influence of wastewater discharge was considered. The 
Resource use of Pangasius fillet products from Vietnamese aquaculture to European retailers 
 
83 
environmental burden, specifically with respect to resource consumption, of Pangasius 
processing and transport to international markets has not been studied. 
This paper aims to quantify a full cradle-to-factory gate analysis of MAP Pangasius in terms of 
natural resource demand expressed in CEENE along with a sensitivity analysis regarding choices 
in fish processing in Vietnam and suggestions to reduce the impact. Practically, environmental 
hotspots in terms of natural resource extraction were identified within the aquaculture, processing 
and transport stages. Additionally, an exergetic efficiency was also calculated at both the process 
and life cycle levels to identify opportunities for improvements.  
 Materials and methods 
 Goal and scope  
This case study focused on MAP Pangasius, based on collaboration with two representative 
seafood producers in Vietnam and Belgium under the condition of anonymity. In Vietnam, 
harvested fish with an average weight of approximately 1.1 kg were firstly transferred alive to the 
facility for processing to frozen fillets, which were further processed into MAP in Belgium. 
The system boundary was a full cradle-to-factory gate life cycle of MAP Pangasius. The 
foreground system consisted of four phases: aquaculture in Vietnam, processing to frozen fillets 
in Vietnam, transport to Belgium and processing to MAP in Belgium. For the specific boundaries, 
description and inventory of Pangasius aquaculture, we refer to the work of Huysveld et al. (2013). 
The other steps are depicted in Figure 4.2. Labour, machinery and infrastructure were excluded 
in the analysis. The background system or human/industrial system (H.I.S) is defined as the part 
of the production chain outside the foreground boundary and includes all human/industrial 
processes necessary to produce and deliver the inputs to the foreground system. The functional 
unit (FU) is one tonne of dry matter (DM) of Pangasius fillets in packaging leaving the factory 
gate. It is important to note that the DM considered here is limited to the DM of natural fillets and 
excludes the water and chemicals absorbed into the fillets during processing. Because several 
scenarios were possible in the Vietnam processing, depending on the importing market, this 
functional unit is independent of any processing scenario. The interpretation based on DM content 
of the fillets also better reflects human needs for food energy derived from dry matter (FAO, 2003).  
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Figure 4.2. Sankey diagram of the exergy analysis in the foreground system excluding aquaculture. 
Packaging around fillets is considered waste. MAP: modified atmosphere packaging. : gate-
to-gate efficiency. 
 
 Description of foreground system  
4.2.2.1 Pangasius aquaculture in Vietnam 
The foreground system of Pangasius aquaculture was described of Huysveld et al. (2013) and 
included feed production, hatchery and fish grow-out farms.  
4.2.2.2 Processing in Vietnam to frozen fillets 
Vietnamese Pangasius processing involved a core system and a supporting system. The former 
included all fillet processing steps: filleting, soaking, freezing, glazing, packaging and storage (see 
Supplement Material C, Figure C1). Harvested fish were firstly weighed, sorted, killed, filleted, 
skinned, and trimmed. These sub-steps were named ‘filleting’ of which the data of inflows (e.g. 
living fish, water for washing, cleaning, electricity, etc.) and outflows (fillet meat, processing waste 
and wastewater) supplied by the producer. The fillet meat was subsequently soaked to get a 
firmer structure. Depending on the tumbling time, the soaked fillets increased their weight by 5-
35%. Next, the fillets were frozen via individual quick freezing (IQF) or block quick freezing (BQF) 
and then glazed to reduce dehydration and oxidation and to achieve a smoother surface. Weight 
of the fillets dropped by 5% during both freezing methods and increased 5-20% due to glazing. 
Each freezing method corresponded to a packaging mode: IQF5 (kg), IQF10 (kg), IQF350 (kg) 
(the number reflects the weight per package) and BQF7.5 (kg) × 3 and BQF5 (kg) × 2 (the two 
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numbers reflect the weight per sub-packs and quantity of sub-packs in a package, respectively). 
Each packaging mode required different masses of polyethylene and cardboard. Packed frozen 
fillets were stored at -18° C for one month, this for transporting to retailers. The storing period, 
actually, could be varied, depending on the shipping calendar of the producer. 
The supporting system included water supply, wastewater treatment and by-product valorisation. 
Groundwater after treatment was supplied to the core system as cold water, ice flake, washing 
water and cleaning water. The generated wastewater underwent the bio-chemical treatment prior 
to being discharged into a nearby river. Fish trimmings were transferred to the by-product factory 
for additional conversion into value-added products: fish oil, fishmeal and extra parts (i.e. 
stomach, bladder and skeleton). Fish oil was locally used as fuel for diesel engines, as feedstock 
of biodiesel manufacture or was exported, whereas the other by-products served as inputs for 
animal feed production in Vietnam. 
 
4.2.2.3 Oversea transport to Belgium 
The packed frozen fillets were loaded into a reefer, a container with an internal refrigeration unit. 
The reefer was then shipped from Vietnam to Belgium, first by truck, then by cargo ship and finally 
via a transoceanic freight ship.  
 
4.2.2.4 Processing in Belgium to MAP 
The frozen fillets were unpacked, thawed at a chill temperature (2-40C) over a 12-hour period with 
forced air ventilation in a sealed unit which was programmed to automatically run for a specific 
period of time. Fillets were placed into crates to facilitate the distribution of warm air. Natural gas 
was used as fuel of the boiler to supply heat for thawing. The thawed fillets were finally re-packed 
in a modified atmosphere to extend its shelf life. The final product was modified atmosphere 
packaging (MAP) Pangasius, which was distributed to retailers after leaving the factory. 
Wastewater was discharged to the public sewage system, and packing materials, originating from 
Vietnam and from processing in Belgium, were collected by private companies for recycling, reuse 
or incineration with energy recovery.  
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 Life cycle inventory 
Data derived from Huysveld et al. (2013) was used to represent the aquaculture stage. 
Additionally, for quantification of the CEENE of this stage, CEENE v.2013 (Alvarenga et al., 2013) 
was applied instead of CEENE v.2007 (Dewulf et al., 2007), as explained in Section 4.2.4 ‘Exergy 
analysis and impact assessment methodology’. Foreground data of the Vietnamese processing 
were gathered onsite between July and September of 2010. The data of these three months is 
representative because the production has not varied over time due to seasonal independency 
of Pangasius aquaculture in Vietnam. The Belgian processing was analysed based on yearly 
production data from 2012. In the Vietnamese production system where Pangasius was the 
unique product, electricity consumption was measured for each individual steps in the core 
system (e.g., filleting, soaking, freezing, glazing, packaging) and the supporting system (water 
treatment for cooling, making ice flake, cleaning, by-product valorisation and wastewater 
treatment). The Belgian producer had various seafood products and no separate accounting for 
electricity consumption of the processing chains; consequently, electricity consumption had to be 
allocated, which was done through the mass ratio of the productivity of MAP Pangasius to the 
overall productivity of the factory. Data on the local transport of living fish and fish trimmings to 
facilities were also considered. The exergy content of the inflows and outflows were calculated 
based on data available in the literature, in particularly from Szargut et al. (1988), Dewulf et al. 
(2008) and de Vries (1999). 
Background system processes were derived from the Ecoinvent v.2.2 database (Swiss Centre for 
Life Cycle Inventories, 2015), unless specifically mentioned otherwise. Electricity used for 
Vietnamese production and for cold ironing in a Malaysian harbour was modelled by adapting the 
Czech datasets available in Ecoinvent to the 10-year (2003 - 2012) electricity production mix in 
Vietnam and Malaysia, reported by the International Energy Agency (IEA, 2015). Plastic (e.g. PE 
and PVC) recycling was modelled based on data retrieved from Arena et al. (2003), which are 
representative for the parameter values of Belgium. Recycling/reuse of packaging materials 
reduces burden via substitution of virgin materials. Recycled plastic can displace virgin plastics 
one-on-one (Lazarevic et al., 2010). Cardboard in Belgium comprises of up to 80% recycled fibres 
(Goossens, 2010); consequently, the substitution ratio between recycled cardboard and virgin 
cardboard can be assumed to be 1:0.8. Wooden pallets are classified as EURO pallets, which 
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can be reused 5 to 6 times (OVAM, 2004). These pallets are newly produced in Vietnam; thus, 
after using them once, they may still be used 4 to 5 times on the Belgian market. Thus, reused 
pallets can substitute 4.5/5.5 or 0.82 times for a virgin pallet. Waste originating from the recycling 
process is eventually incinerated with energy recovery; however, only the avoided burden of 
electricity produced from waste energy was considered due to similar reasons that are explained 
in Schaubroeck et al. (2013).   
 Exergy analysis and impact assessment methodology 
Resource-related issues are addressed by expressing all resources in one common unit: Joules 
of exergy (J). Exergy is defined as the maximum amount of useful energy obtained from a 
resource (i.e. the useful portion of energy). Analysis was performed through Exergy Analysis (EA) 
at the process level along with a life cycle analysis (LCA) for the full life cycle. EA was applied to 
the foreground system to calculate the gate-to-gate (G-to-G) efficiency (i.e., product exergetic 
efficiency), which is defined as the relative amount of energy and utility resources used per useful 
output product (Eq. (4.1)). Opportunities for process improvements can also be identified through 
EA (see Section 1.3.3 ‘Exergy analysis (EA)’).  
G-to-G efficiency = Total exergy content of the useful outputs / Total exergy content of the inputs 
 (4.1) 
 
The amount and origin of inputs extracted from nature to provide the functional unit in the ELCA 
were quantified using the Cumulative Exergy Extraction from the Natural Environment (CEENE) 
method (Dewulf et al., 2007). This study applied the CEENE v.2013 method (Alvarenga et al., 
2013). A more comprehensive explanation about the CEENE method and its version v.2013 can 
be found in Section 1.3.1.3 ‘Life cycle impact assessment (LCIA)’. An exergetic efficiency at the 
life cycle level called the Cumulative Degree of Perfection (CDP) was calculated by the ratio of 
the exergy content of a product to the CEENE of its production chain (Eq. (4.2)). CDP implies how 
efficient the overall product supply chain is:  
CDP = Exergy of product / CEENE of product  (4.2) 
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 Allocation choices in Vietnamese processing 
Production in Vietnam consists of four useful products: frozen fillets, fishmeal, fish oil and extra 
parts. Consequently, any allocation or system expansion is required to quantify an environmental 
influence for each of these products. System expansion was not practically feasible due to the 
lack of high-quality data on subsequent by-product valorisation and their substitution ratios with 
other products. Allocation was consequently done based on physical (i.e. exergy content) and 
economic properties. The latter is presented in Supplementary material C3 because the former is 
preferred according to the ISO guidelines (ISO, 2006b). In the exergy approach, the burden of 
aquaculture (i.e. CEENE of living fish) was allocated to fillet meat and fish trimmings at the filleting 
step. The burden of fillet meat and subsequent fillet processing steps (e.g. soaking, freezing, etc.) 
belonged to frozen fillets. By-products were credited to the burden of fish trimmings and other 
inputs of by-product valorisation. 
 
 Results and discussion 
 Exergy analysis (EA) 
Regarding Pangasius aquaculture in Vietnam, the updated G-to-G efficiencies of the feed mill 
(87.2%), the hatchery (5.7%) and the farm (11.7%) were similar to the values reported in Huysveld 
et al. (2013). 
Vietnamese processing delivered frozen fillets and respective by-products. The fillet yield of the 
studied Vietnamese producer (34 wt. % of the fish weight) was similar  to that reported for other 
Vietnamese Pangasius producers in Ho Chi Minh and Long Xuyen (Nortvedt, 2007). Natural fillets 
had a dry matter of 19.2%. The scenario chosen for a detailed interpretation here met the 
specifications of Belgian producer: frozen fillets with a weight gain of 14% during soaking, 10% 
during glazing and IQF350 packaging. The influence of this choice on the environment was 
analysed further in Section 4.3.3 ‘Sensitivity analysis’. When considering fish trimmings as by-
products, the Vietnamese producer attained an increased G-to-G efficiency (73%) relative to that 
(13%) when trimmings were disposed of and considered wastes. In this context, the efficiency 
refers to ‘product’ efficiency, which is the ratio of useful products to inputs. Using the process 
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outputs in a more effective manner can lead indirectly to a higher product efficiency. By-product 
valorisation is therefore concluded to be the most effective way to make fillet processing highly 
efficient. The exergy analysis identifies water consumption (primarily in filleting, freezing), 
electricity dissipation (primarily in freezing, water supply, wastewater treatment), packaging 
materials and boiler combustion  as hotspots in exergy dissipation at Vietnamese processing. The 
transport to Belgium attained a low G-to-G efficiency (51%), primarily due to a high consumption 
of fossil fuels (i.e. diesels and heavy fuels) for cooling and transportation. MAP processing in 
Belgium had a G-to-G efficiency of 47%. The primary contributors to the exergy loss were 
electricity (37%) and packaging materials (55%). It is noted that the packaging around the fillets 
was considered to be waste in calculating the G-to-G efficiency of the processing in Vietnam and 
Belgium since the target product was only the fillets. However, this packaging was considered a 
‘transit’ product during the transport to Belgium in which it remained a constant exergy content 
(i.e., quality and quantity) but still drove the consumption of electricity and fuels for transport and 
cooling (through its weight). Consequently, its exergy content was defined as ‘transit exergy’ and 
thus not considered in the G-to-G efficiency calculation of the transport to Belgium. The gate-to-
gate efficiencies of the different foreground subsystems are depicted in Table 4.1. 
Table 4.1. Resource use efficiencies of the different foreground subsystems. Packaging around fillets is 
considered waste. G-to-G: gate-to-gate, CDP: cumulative degree of perfection. MAP: modified 
atmosphere packaging.  
Description unit Useful outputs G-to-G efficiency CDP 
Feed mill Feed pellets 87.2% 17.8% 
Hatchery Fingerlings 6.0% 3.8% 
Farm Living fish 11.9% 4.5% 
Processing in Vietnam Frozen fillets, fishmeal, fish oil, 
extra parts (i.e. stomach, bladder, 
skeleton) 
73.1% 4.6% 
Oversea transport Frozen fillets 50.7% 4.0% 
Processing in Belgium MAP fillets 46.8% 3.7% 
OVERALL MAP fillets, fishmeal,  
fish oil, extra parts  
8.9% 4.1% 
 
 
To improve the system, one should firstly focus on decreasing water use, electricity and 
packaging materials through good management practices and/or a scenario choice in Vietnamese 
processing. The latter also affects the fuel consumption during oversea transport, which is 
discussed in Section 4.3.3 ‘Sensitivity analysis’. To reduce power consumption, the following 
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approach might be useful. One may record usage for individual operations and/or install capacitor 
banks to improve the power factor of the factory that measures the efficiency of the delivered 
electricity use. The latter helps to reduce electricity use by approximately 10% in the specific case 
of shrimp processing with an attractive payback time of 5 months (Dan et al., 2002). In the 
Vietnamese system, recycling effluent during processing and using sludge as fertilizer are other 
feasible options; however, this application requires further research of the differences in water 
quality between effluent and the required quality of water sources (i.e. river, groundwater) as well 
as nutrient composition of sludge. A more efficient solution to utilize this wastewater is as a 
feedstock for anaerobic digestion, resulting in biogas and digestate, which is usable as a fertilizer 
(Chowdhury et al., 2010; Trautmann et al., 2011). This solution allows a positive energy balance 
(2.5 kWh per tonne of fresh fish) (Trautmann et al., 2011), corresponding to an estimated saving 
of 1.8 GJ FU-1. A change in packaging from IQF5 to IQF350 halved the consumption of PE and 
cardboard and saved 8.4 GJ FU-1. The by-product valorisation is highly exergetically efficient 
(88%), which can be explained by an efficient mixing of feedstocks. However, this step induces 
the highest exergy dissipation (32%) in the Vietnamese system because of the inefficient 
combustion of rice husks in a boiler. The combustion efficiency (23%) could be improved to 
approximately 36% using a cogeneration unit. It could also be useful to merge by-product 
valorisation into an integrated system in which biodiesel originated from fish oil is further 
converted to additional electricity through a combined heat and power unit for local 
cooling/freezing and heating. This application is profitable, and the payback period of the 
investment is short (Ronde et al., 2010). 
Considering the environmental sustainability perspective, Hall (2011) listed four primary areas 
that requires attention in the fish processing industry: energy consumption, water consumption, 
by-product development and effluent emissions. In addition to these elements, this study 
increases the importance of packaging materials, this was also proposed by Thrane et al. (2009) 
with regard to Danish fish processing. Attention should be paid to packaging which is identified 
as a hotspot of the G-to-G exergy dissipation. 
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 Resource use at life cycle level  
The results are interpreted separately for all individual stages: aquaculture, frozen fillets 
processing, transport and MAP processing. The reported CEENEs of subsequent stages 
excluded the contribution of inputs originating from previous stages (e.g. fish aquaculture for 
frozen fillets processing). 
4.3.2.1 Resource use of frozen Pangasius fillets 
The cradle-to-farm gate analysis for Pangasius aquaculture studied by Huysveld et al. (2013) was 
updated to CEENE v.2013 with the implementation of site-CF and generic-CF in land resources 
(see Section 4.2.4 ‘Exergy analysis and impact assessment methodology’). The new CEENE 
input per tonne of living fish (242 GJ) is 21% below the reported value in Huysveld et al. (2013), 
which can be explained by a decreased land footprint (32%) (Supplementary material C2). The 
primary conclusions in Huysveld et al. (2013) on resource use of Pangasius aquaculture remain 
valid. These authors also discussed the possible improvements to aquaculture, particularly on-
farm production. The update additionally provided insight into the important role of reducing water 
demand in aquaculture. For a large group of Pangasius farms, the produced sludge was often 
pumped to an adjacent river and was occasionally collected after fish harvesting to fertilize crops. 
However, Huysveld et al. (2013) performed a specific study with one retailer in which the latter 
was the case. The overall CEENE value was therefore allocated 89% to living fish at the farm 
gate because sludge was used as a fertilizer and consequently considered a by-product.  
At the Vietnamese factory gate, 15.5 tonnes of raw fish yielded 6.2 tonnes of frozen fillets in 0.5 
tonnes packaging along with 2.2 tonnes of fishmeal, 2.3 tonnes of fish oil and 0.26 tonnes of extra 
parts. The CEENE to fulfil this functionality from cradle to factory gate amounts to 3515 GJ, 
allocated to the four products as 16.9%, 26.5%, 55.5% and 1.1%, respectively. The CDP of frozen 
fillets was 4.2%, whereas the three by-products had an equal CDP of 4.7% because they were 
the useful outputs of the same process system. This shows that the processing of frozen fillets is 
the least efficient stage of those considered. Excluding aquaculture’s contributions, the CEENE 
of the other inputs during Vietnamese processing was 155 GJ, which primarily originated from 
electricity (26%), packaging (27%) and rice husks used as an energy source for the boiler in by-
product valorisation (30%) (Figure 4.3). These inputs were responsible for the large shares of 
Chapter 4 
 
92 
land (40%), fossil fuels (32%) and water (23%) in the resource footprint. Wood-based packaging 
(i.e. cardboard and wooden pallets) and rice husks contributed 45% and 40% to land resources, 
respectively. Rice husk was also responsible for 57% of the water resource due to high water use 
during rice cultivation. Another 26% of this resource was derived from ground water supplied to 
fillet processing. The fossil footprint primarily originated from electricity consumption (64%) and 
plastic packaging (i.e. PE and PVC, 11%). By 2010, 70% of the electricity in Vietnam was based 
on fossil fuel combustion (IEA, 2015).  
 
Figure 4.3. Environmental resource footprint of Vietnamese processing excluding aquaculture. 
 The value is unallocated for frozen fillets and by-products 
 
A comparison can be made with the life cycle assessment of Tilapia frozen fillets in Indonesia, 
conducted by Pelletier and Tyedmers (2010), as Pangasius and Tilapia are both tropical 
freshwater fish with similar production characteristics (e.g. nutritionally low input feeds, resistance 
to impaired water quality and adaptability to intensive farming). The same conclusions are drawn: 
much more attention should be paid to on-farm production, particularly to feed and water inputs, 
rather than to processing and packaging. The cumulative energy demand (CED) value of the 
cradle-to-factory gate analysis to yield one tonne of frozen Tilapia fillets is 26.4 GJ (37% of the 
total CED). Aquaculture and processing contribute 70% and 23% to the CED value, respectively. 
For this study, the shares of these stages are 58% and 28% of the exergy-allocated CED (21.5 
GJ per tonne Pangasius frozen fillets), respectively. With respect to marine seafood, the fishery 
accounts for 72% of the total energy consumption over the life cycle of frozen cod fillets (Ziegler 
et al., 2003). 
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4.3.2.2 Resource use of MAP Pangasius 
Oversea transport used 32.5 GJ FU-1 from nature for the supply chain of electricity and fuels used, 
with fuels accounting for up to 91%. These resources were completely dissipated in usage. 
Belgium advocates recycling, reusing and incineration as opposed to landfilling. Packaging 
originating from Vietnam with the product and emitted at the facility were recycled (i.e. plastics 
and cardboard), reused (i.e. wooden pallets) or incinerated with energy recovery (i.e. faulty 
packaging), resulting in an avoided burden of 40 GJ FU-1 of which the largest benefit stems from 
land (80%) and fossil fuel (12%) resources. This benefit was primarily due to the recycling of 
cardboard (38%), wooden pallets (43%) and plastics (16%) coming from Vietnam. Consequently, 
the MAP processing footprint declined from 82 GJ to 42 GJ per tonne of DM of fillets by preventing 
virgin packaging material production via substitution of the delivered Vietnamese packaging 
(Figure 4.4).  
In total, the primary share is from fossil fuel use, which is clarified through a high use of electricity 
and plastic trays made of PE and Amorphous Polyethylene Terephthalate (APET). These 
materials were accompanied with the MAP Pangasius to the consumers. Bioplastics have been 
introduced as a promising alternative to petrochemical-based plastics in food packaging (Siracusa 
et al., 2008); however, their resource use should be evaluated through LCA to meet consumer 
demand while considering sustainable issues. 
 
Figure 4.4. Environmental resource footprint of Belgian processing excluding aquaculture, Vietnamese 
processing and oversea transport. 
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The CEENE from cradle to Belgian retailers was equal to 669 GJ FU-1 with a CDP of 3.7% (Figure 
4.5). Over the life cycle stages of MAP Pangasius (i.e. aquaculture, frozen fillet processing, 
transport and MAP processing), aquaculture contributed the largest portion (76%), which is 
explained by high fish input (15.5 tonnes FU-1), and the subsequent three phases shared 13%, 
5% and 6%, respectively. Feed input (50%) and water renewal (21%) at the farm were identified 
as the tenvironmental hotspots with respect to resource consumption. MAP fillets extracted 
significant amounts of water (31%) and land (42%), primarily during aquaculture, and fossil fuels 
(21%), primarily during processing and transport. Consistent with previous studies (Pelletier and 
Tyedmers, 2010), we found that ocean transport (5%) contributes negligibly to the product life 
cycle impact through resource use.  
Economic allocation also presents similar conclusions on resource issues: firstly, aquaculture is 
identified as the hotspot of the cradle-to-factory gate life cycle of Pangasius fillet products, and 
secondly, more room for improvement is possible for frozen fillet production compared to by-
product valorisation due to lower CDP values (Supplementary material C3). Similarly, (Thrane, 
2006) concluded that in most cases, the fishing or aquaculture phase is the life cycle stage with 
the highest impact compared to the other phases. If sludge is considered a waste, living fish is 
assigned the CEENE of aquaculture (242 GJ per tonne living fish), resulting in an increased 
CEENE of MAP Pangasius (729 GJ FU-1). The share of aquaculture increases from 76% to 78% 
in total. Conclusions on the resource use of MAP Pangasius are still valid. Similar hotspots were 
identified at both the process and life cycle levels: the use of water, electricity, packaging materials 
during processing and fossil fuels during transportation; suggested improvements are shown in 
Section 4.3.1 ‘Exergy analysis (EA)’. Applying waste outputs to useful purposes can also lead to 
‘avoided’ burdens resulting from their substitution for other materials. An application of anaerobic 
digestion for wastewater treatment could reduce 6.8 GJ FU-1.  
Life cycle analysis underlines the benefit of recycling/reuse of packaging materials (i.e. plastics, 
cardboards, wooden pallets), which the exergy analysis at the factory level cannot 
address.Recently, increased interest in ‘approved local’ products has boosted the consumption 
of poultry in Europe (Magdelaine et al., 2008). In a 10-year period (2003 - 2012), chicken meat 
accounted for 84% of indigenous poultry meat including chicken, duck, geese, turkey produced 
in the EU (FAOSTAT, 2016). Therefore, to better understand the environmental performance of 
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MAP Pangasius involving importation from Vietnam to Belgium, we compare it with the CEENE 
value of fresh chicken meat locally produced in the EU. Data inventory for chicken meat 
production was retrieved from the Danish LCA Food database (Nielsen et al., 2014) for the 
foreground system, coupled with the Ecoinvent v.2.2 for the background system. The total CEENE 
input throughout the cradle-to-factory gate life cycle per tonne of live-weight fresh chicken meat 
is 244 GJ, about two times above the total CEENE value per tonne of live-weight MAP Pangasius 
(100 GJ), even though the avoided burdens of chicken manure used as fertilizer and heat 
produced during waste biomass burning are considered. In this comparison, chemicals, cleaning, 
packaging, infrastructure and area for animal production are excluded. Firstly, this difference can 
be explained by a higher Feed Conversion Ratio (FCR) of chicken (2:1) compared to that of 
Pangasius (1.5:1) since the two species primarily consume similar agricultural-based feed 
ingredients. Secondly, MAP Pangasius shares the burden of aquaculture (i.e. living fish at the 
farm gate) with its by-products: fishmeal, fish oil and extra parts; the CEENE value is allocated to 
these different coproducts. Conversely, the entire burden of agriculture (i.e. living chicken at the 
farm gate) is assigned to chicken meat because its by-products (i.e. bone, blood and meat meal) 
are considered to be wastes and are currently incinerated. Theses by-products have been banned 
as ingredients for animal feed in the EU since 2000 due to a fear of Bovine Spongiform 
Encephalopathy (BSE) risks (Nielsen et al., 2014).  
 
Figure 4.5. Overall resource footprint of Pangasius in modified atmosphere packaging (MAP) based on 
exergy allocation over the life cycle stages: feed production, juvenile production, fish cultivation, 
Vietnamese processing, oversea transport and Belgian processing. 
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Agriculture primarily contributes to the CEENE input of fresh chicken meat (96%), resulting in the 
largest shares of land (87%) and fossil fuels (12%) resources. For products of feed-based animal 
production, the proposed method of this study will in most cases identify the primary vegetable 
production required for feed as a hotspot concerning resource utilization throughout the cradle-
to-factory gate analysis of these food products. FCR consequently yields an estimate of the 
resource use profile of such food products, if similar feed is used. For example, it takes 
approximately 4 kg of feeds to produce 1 kg pork compared to 2 kg feeds to produce 1 kg chicken 
meat (FAO, 2010a), likely resulting in a higher resource footprint of pork at the farm. However, 
the environmental performance of food products at the factory also depends on the feed 
production itself and by-product valorisation.  
 Sensitivity analysis  
Several scenario choices were viable for frozen fillet processing in Vietnam (Section 4.2.2 
‘Description of foreground system’). Sensitivity analysis of the filleting process was not considered  
due to a lack of high-quality data on the variability of inputs during this step. Because all choices 
contained an identical filleting step, the burden of fish input remains constant; only the subsequent 
stages after filleting were influenced through the scenario choice. The best choice corresponded 
to the lowest CEENE value and the lowest G-to-G exergy dissipation. Figure 4.6 shows an 
overview.  
 
Figure 4.6. Sensitivity analysis in Vietnamese processing at life cycle level (resource footprint). S1 shows 
the interpreted scenario: weight gain of 14% during soaking, 10% during glazing and IQF350 
packaging. S2 shows the second choice of the Belgian producer: unsoaked fillets in a similar 
glazing and packaging mode. IQF: individual quick freezing. BQF: block quick freezing. 
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4.3.3.1 Choices in soaking and glazing steps 
It is firstly noted that the fillet weight input was proportional to the resource demand in both the 
Vietnamese and Belgian processing and transportation systems. The latter is explained by the 
fact that the transport modes have a constant capacity, so more voyages are necessary, leading 
to a higher energy use during transport. The corresponding resources were primarily dissipated 
during utilization, particularly water and energy resources. Every 1% of fillet weight gain during 
soaking increases the CEENE value by 1.2 GJ and the G-to-G exergy dissipation by 0.6 GJ; these 
values due to glazing are 1.1 GJ and 0.6 GJ, respectively. Natural fillets are the best choice, and 
the worst is frozen fillets with a 35% and 20% weight gain during soaking and glazing, 
respectively. The Belgian producer was also produced MAP from unsoaked fillets with a 10% 
weight gain during glazing and IQF350 packaging; this choice has a better CEENE value (652 GJ 
FU-1) than the interpreted scenario (Figure 4.6). 
4.3.3.2 Choices in freezing and packaging steps 
During freezing, IQF and BQF consumed a similar amount of electricity; thus, their influence was 
similar. However, these methods drove the packaging modes with varying amounts of PE and 
cardboard use. A choice in packaging modes is rather complex. At the life cycle level, BQF7.5x3, 
BQF5x2 followed by IQF10 and IQF5 increase the CEENE of frozen fillets, as explained by the 
lower mass of PE and cardboard required for higher-capacity boxes; however, this order 
decreases the CEENE of MAP fillets through packaging recycling/reuse. An exception is that 
IQF350 uses less PE and cardboard compared to the BQF7.5x3 but requires additional PVC 
tubing to prevent a deformation during transport due to stacking of 350-kg boxes. Frozen fillets is 
assigned the lowest burden to BQF7.5x3 and the highest to IQF5, and MAP yields similar impacts 
as IQF5 and IQF350, respectively. 
The G-to-G exergy dissipation varies in ascending order of BQF7.5x3, IQF350, BQF5x2, IQF10 
and IQF5, which occur in Vietnamese processing and oversea transport; that of Belgian 
processing remains constant as the choice in packaging modes has no influence on fillet weight 
input. This result indicates that at the factory level, BQF7.5x3 is the best choice, whereas IQF5 is 
the worst.   
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The best choice for the overall production system from Vietnamese aquaculture to Belgian 
retailers at the factory level and at the life cycle level are natural fillets packed in a form of 
BQF7.5x3 (exergy loss of 1644 GJ FU-1) and IQF5 (CEENE of 3957 GJ FU-1), respectively. The 
worst values at these two levels are 1690 GJ FU-1 and 4029 GJ FU-1, which correspond to IQF5 
and IQF350, respectively, combined with the highest fillet weight gain in soaking (35%) and 
glazing (20%). 
4.3.3.3 Choices in thawing step of the Belgian processing 
At the life cycle level, the Belgian processing constitutes only 6% to the resource use of MAP 
fillets. Consequently, changing the thawing method negligibly affects the environmental 
performance of MAP fillets. At the factory (G-to-G) level, the use of packaging (55%) and 
electricity (39%) are identified as the environmental hotspot in respect to exergetic efficiency. It 
means that opportunities for improvement are more valid for the packaging step. In fact, how a 
thawing method affects the assessment with respect to the exergetic efficiency depends on types, 
quantity and quality of resources (i.e., material and energy), and the method used. For example, 
a thawing method via immersion in water tanks consumes a high amount of water and other 
resources for wastewater treatment. 
 
 Conclusions 
The study shows the resource use profile of Pangasius products (i.e. frozen and MAP fillets). 
Resource consumption is expressed as the Cumulative Exergy Extracted from the Natural 
Environment (CEENE). The primary production phase, particularly the feed input and water 
renewal at the farm, constitutes the key factor determining resource use efficiency of Pangasius 
products through the product’s life cycle: aquaculture, processing in Vietnam, ocean transport 
and further processing in Belgium. Overall, processing and transport account for a small fraction 
of resources extracted throughout the supply chain.  
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Excluding aquaculture’s contribution, the largest influence and thus opportunities for 
improvements pertain to packaging and electricity use during Pangasius fillet processing. These 
inputs are responsible for a large share of extracted land and fossil fuel resources. Regarding 
Pangasius by-product valorisation, water and land resources are important and primarily originate 
from the utilization of rice husks as an energy source for the boiler. At the factory level, good 
housekeeping practices in electricity use, packaging materials and water could reduce resource 
demand. Anaerobic digestion is a new prospective approach to obtain energy-efficient treatment 
of fish processing wastewater. Life cycle thinking is essential for Pangasius importers because 
their choices in the characteristics of imported frozen fillets and the disposal of packaging around 
the fillets directly influence the resource footprint of Pangasius products. Improvements should 
focus on lowering the fillet weight increase due to soaking and/or glazing as well as choosing an 
environmentally sustainable packaging mode. Less water in the fillets also improves the fillet 
quality for consumers. The latter depends on the policy of imported markets on packaging 
treatment and the level of concern at the factory and life cycle levels.
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 Introduction 
Fish play a vital role in human nutrition worldwide, and fish consumption per capita increased 1.6 
times (from 12 to more than 19 kg) between 1985 to 2012 and is expected reach 22.4 kg in 2022 
(FAO, 2014). Most of this increase has come from aquaculture, a sector that has grown to produce 
90.4 million tonnes (live weight equivalent) in 2012, in which the food fish aquaculture production 
(66.6 million tonnes) had expanded about six times since 1985, while global marine and inland 
capture fisheries production has remained stable (approximately 90 million tonnes) in a similar 
period (FAO, 2014). Pangasius production from the Mekong delta, in Vietnam, has made inroads 
into traditional ground fish markets as a cheaply farmed whitefish species. This sector has 
achieved a ten-fold expansion by volume and a 14-fold increase by value during the period from 
1985 to 2012 (FishStatJ, 2016). The number of consumer groups has also increased from 11 
importing markets in 2001 to 149 markets in 2014 (VASEP, 2014). This expansion is expected to 
continue, driven by steadily increasing global demand. 
In conjunction with increasing production, environmental impacts, such as eutrophication, a 
continued reliance on wild fish stocks, chemical use and antibiotic use, have garnered increased 
media coverage. This coverage has come to influence consumer attitudes towards farmed fish, 
where Vietnamese Pangasius is often considered a controversial product (FAO, 2014). In 
response, aquaculture certification schemes have been introduced to provide assurances of more 
sustainable aquaculture practices. In 2009, the Vietnamese government addressed concerns 
about the use of chemicals, water pollution and biodiversity degradation in a 2020 Master Plan 
for Pangasius production in the Mekong Delta (Bosma et al., 2011). At that moment, a number of 
sustainability standards for Pangasius production were at different stages of development, e.g. 
Naturland, Butlers Choice, etc., covering a range of issues: aquaculture production guidelines, 
environmental management, social, legal and chain-related issues and food safety (Bush et al., 
2009). In 2010, the Vietnam Association of Seafood Exporters and Producers (VASEP) and the 
Vietnam Fisheries Society (VINAFIS) signed a Cooperation Agreement with the World Wildlife 
Fund (WWF) to support efforts to improve environmental and social responsibility in the 
Vietnamese Pangasius sector and to achieve ASC certification. According to the agreement, 
100% of farms for export should be under one of the several certification schemes by 2015, with 
50% of the exporting farms under the ASC by 2015, and 10% by 2012 (WWF, 2012). 
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Currently, many local Pangasius producers are keen to meet one or several certification schemes 
recognised by international markets since this opens doors to new markets in the European Union 
and the United States. It also reinforces their will to embrace environmental and social 
sustainability in aquaculture practices. Of the many schemes currently available for Pangasius, 
the following three are generally considered to be the most widespread: Global Partnership for 
Good Agricultural Practices (GlobalGAP), Pangasius Aquaculture Dialogue (PAD) and Best 
Aquaculture Practices (BAP) (Belton et al., 2011). GlobalGAP began in 1997 as EUREPG.A.P., 
an initiative by retailers belonging to the Euro-Retailer Produce Working Group, pledging 
commitment to good agriculture, livestock and aquaculture farming practices. The BAP scheme, 
an initiative by the Aquaculture Certification Council (ACC), is aquaculture specific and promotes 
responsible practices across farms, feed mills, hatcheries and processing facilities. The PAD 
scheme, certified by the Aquaculture Stewardship Council (ASC), is the most recent and was 
established in 2010 by the World Wildlife Fund (WWF) and the Dutch Sustainable Trade Initiative 
(IDH). Today, it is an independent non-profit organisation with the goal of raising the global 
standards of responsible aquaculture.  Presently, there are 37 ASC-certified farms (ASC, 2016), 
27 GlobalGAP-certified producers (GlobalGAP, 2016) and 15 BAP-certified (13 farms and 2 
hatcheries) Vietnamese Pangasius facilities (BAP, 2016). However, by 2016, all Pangasius farms 
and companies are required by the Vietnamese government to meet the standards of one of the 
certification schemes operating in Vietnam, including these three schemes (Marschke and 
Wilkings, 2014). 
Aquaculture is a highly diverse activity with respect to technologies and cultivated organisms. 
Therefore, as a way to better understand and identify more environmentally sustainable practices, 
the life cycle assessment (LCA) approach has been increasingly applied to aquaculture, 
particularly facilitating comparisons between the efficiencies of competing production systems 
(Pelletier and Tyedmers, 2008). LCA has emerged as a widely used and recommended 
framework to assess the environmental impact of a product through its life cycle, i.e. from 
resources extraction until final disposal) (ISO, 2006a). LCA research covers global-scale impacts, 
resulting in new insights into the environmental impact of seafood products (Ziegler et al., 2016). 
This tool has also been applied to assess the environmental performance of conventional (i.e. 
intensive non-certified) Pangasius aquaculture and its processing into other products (i.e. frozen 
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and modified atmosphere packaging fillets), evaluating global warming, acidification, 
eutrophication, and toxicity impacts (Bosma et al., 2011; Henriksson et al., 2015b), as well as 
resource use (Huysveld et al., 2013; Nhu et al., 2015b). Moreover, to assess the LCA results of 
12 different feed types at 10 non-certified and 10 certified farms, equations were developed to 
easily estimate the cradle-to-gate resource footprint of Pangasius feeds and aquaculture (Nhu et 
al., 2016). The latter study was limited to the quantification of resource use and did not address 
concerns about resource use on the certified farms is better than on the conventional farms.  
In the present study, we aimed to evaluate the environmental performance of ASC-certified and 
non-ASC certified Pangasius systems using LCA. A crucial part of comparing production systems 
is to include data uncertainty, already specifically applied to aquaculture products (Henriksson et 
al., 2015a; Henriksson et al., 2015b). In the LCA context, a number of studies have been 
performed to better assess uncertainty, identifying and taking into account different types of 
correlation (Lloyd and Ries, 2007). Different types of uncertainty include those relating to 
parameters (e.g. data inaccuracy, data gaps, and unrepresentative measurements), and those 
concerning the (LCA) model (e.g. the deviation of characterisation factors or missing of 
temporal/spatial characteristics in inventory analysis) and the scenario choices (e.g. choices of 
functional unit, allocation approach, characterisation/weighting methods) (Huijbregts, 2002). 
Regarding uncertainty at the parameter level, correlations have been addressed among the input 
parameters, as well as between them and the outcome (Bojaca and Schrevens, 2010), or when 
comparing production systems controlled by the same parameter set (Henriksson et al., 2015a). 
Here, we will mainly focus on data uncertainty but will also assess the influence of some model 
choices. An overview of the key criteria considered in the ASC standard scheme as well as 
covered in this study can be found in the Supplementary material D1, Table D1. The 
environmental categories considered included resource-related (water, land, total resources) and 
emissions-related (global warming, acidification, freshwater and marine eutrophication) 
categories.  
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 Materials and methods 
 Goal and scope 
The LCA comparison between Pangasius produced on ASC-certified farms (ASCs) and non-ASC 
certified intensive farms (NFs) in this study was based on data from three independent studies on 
intensive Pangasius production, i.e. Bosma et al. (2011), Henriksson et al. (2015b) and Nhu et al. 
(2016). Bosma et al. (2011) evaluated the environmental impact of Pangasius NFs using LCA on 
the primary data surveyed at 28 farms and 7 feed production companies between 2008 and 2009. 
Henriksson et al. (2015b) applied LCA, coupled with statistical tests and uncertainty analysis, to 
compare the environmental impact of Pangasius NFs produced at different farm-scales (i.e. small, 
medium, large). The primary data were randomly gathered at 110 small-, 64 medium- and 38 
large-scale farms from 2010 to 2013. Both of these studies focused on emissions-related 
categories (e.g. global warming, eutrophication, toxicity impacts, etc.). Nhu et al. (2016) 
constructed equations to simply predict the resource footprint of both NFs and ASCs by 
performing linear regressions based on the LCA results of 10 ASCs and 10 NFs, of which the 
primary data were surveyed in 2013 and 2010.  
The studied ASCs and NFs are all intensive pond systems. Table D3 provides an overview of the 
basic characteristics of the studied farms. The produced wastewater at both the ASCs and NFs 
is often pumped to an adjacent river and is occasionally collected after fish harvesting to fertilise 
crops; however, its impact was monitored at the ASCs by measuring the nutrient (i.e. nitrogen, 
phosphorous) contents of wastewater. Regarding sediment disposal, the ASC-farms must follow 
strict and proper procedures. Sediment from the ASCs is pumped approximately 20 cm every two 
months, after which it is then properly disposed of (i.e.  delivered to a regulated or dedicated 
landfill or reused as fertiliser or soil conditioner for agricultural production or other construction-
related uses). Dead fish are disposed of through incineration, burial, fermentation, use as fertiliser 
and production of fishmeal, fish oil or feed for animals other than Pangasius (ASC, 2012). On the 
other hand, a study of 212 NFs at small-, medium- and large-scales in the framework of the SEAT 
project, indicated that sediment in the NFs is (i) pumped into canal/wasteland (0-14%), (ii) added 
to pond dykes (3-10%), (iii) maintained in sedimentation ponds (25-50%), or (iv) pumped into 
agricultural fields (45-58%). The portion of each disposal tactic  differed by farm scale (Henriksson 
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et al., 2014b). A more comprehensive description of farming practices on these farms can be 
found in the original studies, i.e. Bosma et al. (2011), Henriksson et al. (2015b), Henriksson et al. 
(2014b) and Nhu et al. (2016). 
One tonne live weight of Pangasius delivered at the farm gate was selected as the overall 
functional unit (FU). The foreground system, defined as the gate-to-gate production chain, 
included feed production and fish farming at the farm scale (see Supplementary material D2). For 
comparative purposes, the impacts of (i) hatchery, (ii) nutrients (i.e. total nitrogenous TN and 
phosphorus TP) released via sediment (but have also been performed for wastewater) and (iii) 
potential toxins released through wastewater were not covered because of the absence of 
quantitative data and information about sediment fate at the ASCs. However, these three flows 
were considered in the identification of the environmental hotspots and were discussed for 
improvement opportunities based on the data from Henriksson et al. (2015b) and Huysveld et al. 
(2013), see Section 5.3.1 ‘Hotspot identification’. The background system, defined as the part of 
the production chain outside the gate-to-gate boundary, included industrial processes (agricultural 
cultivation, chemical production, transport, etc.) necessary to produce and deliver the inputs to 
the foreground system. Infrastructure was excluded due to its limited contribution towards overall 
impacts (Ayer and Tyedmers, 2009) and to be consistent with the data sourced e.g. production 
of fishmeal, fish oil or wheat farming (Henriksson et al., 2015b). 
Data uncertainty analysis was then conducted using the Monte Carlo (MC) method, with 1000 
iterations, which is a sufficient but not excessive sample size (Henriksson et al., 2015b). We 
included (i) the assessment of parameter uncertainty characterised by inherent uncertainty, 
unrepresentativeness uncertainty, and spread uncertainty as well as (ii) the correlations between 
process chains of product systems (Table 5.1 and Table 5.2). Appropriate statistical tests were 
subsequently performed to determine whether the differences between the environmental 
impacts of the two farming systems were significant. 
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Table 5.1. Types of data uncertainty, specifically for the Pangasius aquaculture case study 
Types Inherent uncertainty Unrepresentativeness 
uncertainty 
Spread uncertainty 
Definition Inaccuracies in 
measurement 
(Henriksson et al., 2014a) 
Mismatch between the 
representativeness and 
use of data (Henriksson et 
al., 2014a) 
Variability resulting 
from horizontal 
averaging (Henriksson 
et al., 2014a)  
Examples 
specifically for 
Pangasius 
aquaculture  
Inaccuracies in measuring 
foreground data (e.g. 
quantity of water, feed, 
chemicals, etc.,) 
Mismatch with respect to 
reliability, completeness, 
temporal correlation, 
geographical correlation 
and technological 
correlation). 
Variability in  
foreground data 
among the studied 
farms. 
How is this covered 
in the foreground 
system of this 
study  
Coefficient of variation 
(CV) was assumed 5% 
(Henriksson et al., 2014a) 
By the Pedigree matrix 
approach (Frischknecht et 
al., 2007) 
Coefficient of variation 
was calculated based 
on on-site foreground 
data 
 
Table 5.2. Types of data correlations, specifically for the Pangasius aquaculture case study 
Types Correlations between process chains 
of product systems 
Correlations within a process 
record 
Definition Correlations between 2 different 
systems sharing several similar unit 
processes (Henriksson et al., 2014a) 
Correlation among parameter inputs, 
also between them, and the outcome 
of the considered system (Bojaca 
and Schrevens, 2010) 
Examples 
specifically for 
Pangasius 
aquaculture  
The shared background system, e.g. 
production of feed ingredients, 
chemicals, electricity, fossil fuels, etc. 
were derived from the same processes.   
- For the feed production system, the 
share, in mass, of feed ingredients 
are heavily correlated, while the sum 
fixes at 100%. 
- For the farm system, the amount of 
nutrient discharged and feed added 
are heavily correlated. 
How is this covered 
in the foreground 
system of this study  
Unit process data were identically 
randomised for each MC simulation 
Not covered 
 
 Life cycle inventory (LCI) 
In this study, the ASC-certified farms studied by Nhu et al. (2016) were identified as ‘c1’, whereas 
the non-ASC certified farms (NFs) studied by Nhu et al. (2016), Henriksson et al. (2015b) and 
Bosma et al. (2011) were identified as ‘n1’, ‘n2’ and ‘n3’, respectively. The primary data in the 3 
NF groups differed as follows: (i) the timing of survey; and (ii) the data characteristics of some 
important flows, e.g. feed types, water input and nutrient emissions (Supplementary material D1, 
Table D4). Consequently, the 3 NF groups (n1, n2, n3) required separate analysis and were 
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compared with the certified group (c1). Identified flows of the foreground systems (including feed 
production and fish farming) are presented in Supplementary material D2. The protocol presented 
by Henriksson et al. (2014a) was applied to average the inventory data horizontally and to quantify 
the overall uncertainty (i.e. inherent, spread and unrepresentativeness uncertainties listed in 
Table 5.1). The LCI sources for production and processing of feed ingredients (i.e. agricultural 
farming practices and capture fisheries) that accounted for most of the upstream emissions were 
mainly modelled using nation-specific secondary data retrieved from other research 
(Supplementary material D1, Table D2). The same origins were assumed for feeds of both non-
ASC certified and ASC-certified farms. Lime production was quantified by LCI data derived from 
Ecoinvent v.2.2. For the additional chemicals (e.g. vitamins, probiotics) used for pond preparation 
and farming, which were not available in the database, two more generic processes were used 
as proxies (‘chemicals organic, at plant/GLO’ and ‘chemicals inorganic, at plant/GLO’). Allocation 
of the environmental impact among co-products can be conducted based on different properties 
(ISO, 2006a). Exergy allocation, applied to the foreground system and the production/processing 
of feed ingredients whenever practical, was selected as the basis for discussion since it is one of 
physical properties covering both the quality (in terms of useful energy) and quantity of material 
and energy flows (Dewulf et al., 2008). In other words, exergy allocation considers the differences 
in both weight and specific exergy content per unit (MJ kg-1) of useful products, e.g. by-products 
from fisheries. The influence of different allocation approaches based on mass or economic value 
on results was also assessed and is discussed further. 
 Life cycle impact assessment (LCIA) 
The environmental impact of the two types of Pangasius production systems was assessed and 
compared at the midpoint, including both resource- and emissions-related categories, where the 
results represent the extent of impacts at an early stage of the cause-and-effect chain and act as 
straightforward standards for decision making.  
Regarding resource-related categories, the total resource use (TR) from cradle-to-farm gate 
during the  lifecycle of Pangasius, quantified by the Cumulative Exergy Extraction from the Natural 
Environment (CEENE) v.2013 method (Alvarenga et al., 2013), was statistically compared 
between the ASCs and the NFs. A more comprehensive explanation about the CEENE v.2013 
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method can be found in Section 1.3.1.3 ‘Life cycle impact assessment (LCIA)’. Water (WR) and 
land resources (LR), identified as the hotspots of  total resource use (TR) in the two farming 
systems (Nhu et al., 2016), were also presented for a comparative purpose. 
Regarding emissions-related categories, following the work of Bosma et al. (2011) and Pelletier 
et al. (2007), the impacts on global warming (GW), acidification (AC), freshwater (FE; linked with 
phosphorous emissions) and marine eutrophication (ME; linked with nitrogenous emissions) were 
considered using RECIPE midpoint (M) v.1.12. Toxicity impacts were not covered due to data 
unavailability of specific toxic chemicals used and discharged. A more comprehensive 
explanation about the RECIPE method can be found in Section 1.3.1.3 ‘Life cycle impact 
assessment (LCIA)’. The hierarchical (H) perspective was chosen because it is based on the most 
common policy principles with regards to time frame and other issues and is thus often 
encountered in scientific models (Goedkoop et al., 2013b).  
 Monte Carlo simulation 
LCI models were constructed and characterised using Simapro v.8.1 (Goedkoop et al., 2013a) 
and propagated over 1000 MC iterations. When comparing systems, based on decision 
confidence probability (impacts of XASC – XNF), we used dependent (correlated) sampling in which 
shared unit process data were identically randomised for each MC simulation. In other words, 
supporting processes (i.e. the same background system) were derived from the same randomised 
LCI matrix and only data for feed production and farming systems (i.e. the foreground systems) 
differed per iteration. This approach allows for a higher level of accuracy in comparative studies 
(A-B) and for the use of more powerful paired significance tests (Henriksson et al., 2015a). The 
on-farm water inputs and nutrient emissions, however, relied upon independent parameters and 
were therefore independently sampled in each MC run. The uncertainties of the characterization 
factors themselves were not considered. The MC frequency, i.e. the percentage of MC runs in 
which the differences between their impacts (XASC – XNF) were negative/positive, was calculated 
to show how often the average ASC system induced a better/worse environmental performance 
than the average NF system. 
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 Statistical tests 
The Anderson-Darling goodness-of-fit test was applied to determine whether a normal distribution 
fitted the MC results. Since none of the ranges of results followed a normal distribution, the 
nonparametric one-sample Wilcoxon-Signed rank test was applied as an alternative to the paired 
t-test for a null hypothesis that the differences between XASC and XNF derived from a distribution 
with zero median at a confidence interval (CI) of 95%. The p-value < 0.05 indicates a rejection of 
the null hypothesis, which means that the two farming systems induce significantly different 
impacts. The statistical tests were conducted with MATLAB v.2013.  
 
 Results and discussions 
The Supplementary material D1, Table D2 and Supplementary material D2 provides the LCI 
sources and results. 
 Hotspot identification 
Regarding the midpoint LCIA results, both ASCs (c1) and NFs (n1, n2, n3) showed similar 
environmental hotspots for most of the considered categories (Figure 5.1). The feed input 
contributed primarily to the land resources (LR, 99% for ASCs, 90-99% for NFs), global warming 
(GW, 98% for ASCs, 87 to 99% for NFs) and acidification (AC, 99% for ASCs, 91-99% for NFs). 
This highlights the importance of reducing the economic feed conversion ratio (eFCR, which is 
defined as the ratio of the amount (tonne) of feed used per amount (tonne) of fish net biomass 
growth over the farming period (ASC, 2015)), and/or the burden of a unit of feed. Grow-out farming 
(i.e. other inventory flows at the farm scale, except for feed input, and hatchery and nutrient 
emission through sediment) was the dominant contributor to the water resources (WR, 89% for 
ASCs, 88-89% for NFs) and freshwater eutrophication impacts (FE, 91% for ASCs, 86-96% for 
NFs) originating from on-farm water input (i.e. total abstracted/exchanged volume) and total 
phosphorus discharges throughout production, respectively. Grow-out farming contributed to the 
total resource use (TR) of ASCs (53%) and NFs (41-56%), which was similar to the contribution 
of the feed input. However, the major hotspot inducing marine eutrophication impact (ME) was 
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different on each farm types: feed use in the ASCs (67%) and grow-out farming in the NFs (59-
69%). The findings on the important role of grow-out farming and feed use in the resource- and 
emissions-related impacts of the NFs were consistent with the work of Nhu et al. (2016) and 
Bosma et al. (2011), respectively, despite the differences in LCI modelling (Supplementary 
material D1, Table D2).  
 
Figure 5.1. Contribution of inputs during the farming stage to the considered resource- and emissions-
related categories of one tonne of Pangasius produced at the studied ASC-certified (c1) and 
non-ASC certified (NFs) farms, using exergy allocation. The values were normalised to the 
median values of the ASCs (c1) in each category. The ASC-certified farms (c1) were selected 
from Nhu et al. (2016). The non-ASC certified farms: n1 was selected from Nhu et al. (2016), 
n2 from Henriksson et al. (2015b) and n3 from Bosma et al. (2011).  Hatchery and nutrient loss 
through sediment were excluded. 
 
Our LCA analysis of the 212 NF-n3 farms and the 4 NF farms studied in Huysveld et al. (2013), 
including hatchery and nutrient emissions through sediment, indicated that juvenile production 
contributed to a limited extent (lower 10%) to the environmental impact of the NFs (Supplementary 
material D1, Figure D1). Nutrient loss through sediment contributed to only 3% of the marine 
eutrophication (ME) impact. This loss was shown to be negligible compared to the loss through 
flushed out wastewater (Anh et al., 2010). Consequently, excluding these flows insignificantly 
affected the comparative analysis of the ASCs and the NFs with respect to the considered 
categories. 
Regarding the production of commercial Pangasius feeds, crop-derived ingredients, fishmeal and 
the inputs of milling processes were identified as the hotspots in the considered categories. Crop-
derived ingredients, especially soybean meal, rice by-products (bran, meal, broken rice) and 
wheat by-products (flour and bran) contributed the most to the burden of a unit of feed with respect 
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to LR (93%), TR (67%), GW (41%), AC (41%), FE (82%) and ME (80%) (Figure 5.2), mainly due 
to the amounts used. Fishmeal was determined to mainly contribute to WR (52%), GW (36%) and 
AC (38%), which was not the finding in Bosma et al. (2011) and Huysveld et al. (2013). This is 
explained by the differences in modelling of the production of domestic fishmeal. Fishmeal used 
for Pangasius aquaculture primarily originated in Vietnam (66%), in addition to an imported share 
(Henriksson et al., 2015b). Fishmeal production in Vietnam was modelled using the LCA Food 
database by Bosma et al. (2011) or the inventory data of Peruvian production in 2006 by Huysveld 
et al. (2013). We used the data of fishmeal production in Vietnam surveyed in the SEAT project 
framework between 2010 and 2013 (Henriksson et al., 2015b), which was more representative of 
Vietnamese production. Consequently, the actual environmental impact of domestic fishmeal was 
better quantified. Such a system consumed much diesel and electricity for the fishery (capture 
and ice production), resulting in a significantly higher environmental impact compared to the 
Peruvian fishery. Because of the high share of fishmeal (14.8%), the fn3 feed used by the NF-n3 
farms, studied in Bosma et al. (2011), extracted WR and induced GW and AC impacts that were 
drastically higher than the other 3 studied commercial feeds (i.e. the fc1 used by the ASC-c1 
farms, the fn1 used by the NF-n1 farms and the fn2 used by the NF-n2 farms) (Figure 5.2). 
 
Figure 5.2. Contribution of inputs to the feed production in the considered resource- and emissions-related 
categories for one tonne of the average Pangasius feeds (for all studied commercial feeds), 
using exergy allocation. Values were normalised to the median values of the average feed ‘fc1’ 
used in the ASC-certified farms in each category. Feed fc1: the average feed used on the ASC-
certified farms (c1) from Nhu et al. (2016). Feeds fn1, fn2 and fn3: the average feeds used on 
the non-ASC certified farms (NFs), including n1 from Nhu et al. (2016), n2 from Henriksson et 
al. (2015b) and n3 from Bosma et al. (2011), respectively.  
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The inputs of milling processes were of importance with respect to WR (22%), GW (15%) and AC 
(12%) due to the high consumption of electricity (hydro-powered 39%, gas 39%, coal 20% and 
oil 2%, Supplementary material D2) and fossil fuels (e.g. diesel and hard coal). Moreover, 
livestock-derived ingredients (i.e. poultry meal, meat and bone meal, blood meal) were also of 
greater concern, but these ingredients comprised only 3.4% of the mass of the fn2 feed but 
contributed 8-22% to the considered categories, especially at WR (17%), GW (13%), AC (13%) 
and FE (22%) (Figure 5.2). 
 
 Comparative results 
Both farming systems had high overall uncertainties in their environmental impact, indicated by 
the whiskers for the 10th and 90th percentile values in Figure 5.3. This was due to the high 
variability resulting from horizontal averaging (i.e., the spread uncertainty). This indicates a high 
variation among the studied farms with respect to the three identified hotspots: water and feed 
inputs and especially, the on-farm nutrient (nitrogenous and phosphorous) emissions. For the 
considered categories (except water resources, WR, and freshwater eutrophication, FE), the 
decision confidence probabilities (µ), i.e. a Monte Carlo frequency evaluating the chance that the 
studied environmental impact between the two farming systems was lower than zero (XASC < XNF) 
were quantified. They indicate that 55-99% of the ASCs were favourable to the NFs with respect 
to land resources (LR; µ of 62% that Xc1 < Xn1, 71% that Xc1 < Xn2, 56% that Xc1 < Xn3), total 
resource use (TR, µ of 55% that Xc1 < Xn1, 62% that Xc1 < Xn2, 64% that Xc1 < Xn3), global 
warming (GW, µ of 66% that Xc1 < Xn1, 84% that Xc1 < Xn2 and 93% that Xc1 < Xn3), 
acidification (AC, µ of 72% that Xc1 < Xn1, 85% that Xc1 < Xn2, 93% that Xc1 < Xn3), and marine 
eutrophication (ME, µ of 75% that Xc1 < Xn1, 99% that Xc1 < Xn2, 93% that Xc1 < Xn3) (Figure 
5.3b).  
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(a1) ASC-c1 versus NF-n1 (b1) ASC-c1 versus NF-n1 
  
(a2) ASC-c1 versus NF-n2 (b2) ASC-c1 versus NF-n2 
  
(a3) ASC-c1 versus NF-n3 (b3) ASC-c1 versus NF-n3 
Figure 5.3. Cradle-to-gate environmental impact of one tonne of Pangasius produced at the ASC-certified 
(ASC-c1) and non-ASC certified (NF-n1, n2, n3) systems through exergy allocation, including 
LCI uncertainty at a confidence interval of 95%. (a) The values were normalised to the median 
values of the ASCs (c1) in each category. Indicators include the median, the 25 th and 75th 
percentiles (box), and the 10th and 90th percentiles (whiskers). (b) Decision confidence 
probability (µ) of comparing the impact between the 2 systems. The ASC-certified farms (c1) 
came from Nhu et al. (2016). The non-ASC certified farms: n1 came from Nhu et al. (2016), n2 
came from Henriksson et al. (2015b) and n3 came from Bosma et al. (2011). X refers to a p-
value < 0.05, obtained from the statistical test, indicating that XASC and XNF were significantly 
different, 0 refers to the opposite. Keep in mind that (*) data on the water input of n2 came from 
n1, (**) the data on water input and nutrient discharges of n3 were estimated through daily water 
exchange rates and nutrient balances. 
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There was a significant trend (the p-values of the Wilcoxon-signed rank test were lower than 1E-
4) with the ASCs (c1) outperforming the NFs (n1, n2 and n3) in the considered resource- and 
emissions-related categories (except WR and FE). This is explained by the advantage of applying 
the ASC certification scheme compared to the NFs: (i) a better eFCR value, the key flow affecting 
LR, GW and AC; (ii) lower nitrogenous (i.e. total nitrogen, nitrate, ammonium) discharges, which 
are the primary flow affecting ME; and (iii) lower inclusion of fish-derived ingredients (fishmeal, 
fish oil and trash fish) in the feeds used (Supplementary material. D2), especially fishmeal, which 
is the primary flow affecting GW and AC. The considerable benefit of applying certification 
standards was highlighted for the emissions-related categories (i.e. GW, AC and ME), especially 
when comparing the ASC-c1 farms with the NFs in the broad-scale survey (28 NF-n2 farms and 
212 NF-n3 farms). The NF-n1 group consisted of only ten non-ASC certified farms of which four 
farms were well managed by the producer, one of the top Vietnamese exporters of Pangasius 
products (Huysveld et al., 2013); the ASC-c1 farms were therefore favourable for the NF-n1 farms 
at lower Monte-Carlo frequencies of 55 to 75% with respect to the considered categories (except 
WR) (Figure 5.3b1). 
The ASC Pangasius standards have considered water use efficiency, an increasingly important 
global issue with respect to sustainable production. The maximum ratio of total abstracted water 
(i.e. water removed from the water body and introduced onto the farm) was set at 5000 m3 per 
tonne of Pangasius produced, using actual data submitted by ASC Pangasius Standard 
stakeholders (ASC, 2012). Consequently, the water resource category (WR, quantified by the 
exergy content of the total water amount extracted from the natural environment) at the ASC-c1 
farms dispersed less than that at the NF-n1 farms, which were expressed by a smaller difference 
between the 10th and 90th percentile values (Figure 5.3a1). This result was obtained from the 
water input measured throughout production on these farms. In the literature, the water input 
needed for the production of one tonne of Pangasius at the NFs was reported to be highly skewed 
and ranged from 700 to 59,700 m3 (6400 m3 on average), which was estimated from fish 
production, farm water volume and water exchange rates over a total of 89 farms (Phan et al., 
2009). In this study, the water input was measured at 3039 m3 (standard deviation, SD, 1368 m3) 
for the production of one tonne of Pangasius at the 10 NF-n1 farms (Nhu et al., 2016) and was 
estimated at 2,500 m3 tonne-1 of Pangasius based on daily water exchange rates and nutrient 
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balances over the 28 NF-n3 farms (Bosma et al., 2011). This value was 2903 m3 water (SD 1911 
m3) per tonne Pangasius measured at the 10 ASC-c1 farms (Nhu et al., 2016). Because of such 
high fluctuation in the water input of the NFs, a Monte Carlo calculation and statistical test showed 
an insignificant difference in the water resource category (WR) between the ASC-c1 and NF-n1 
farms (the MC frequencies where Xc1 < Xn1 of 49% and p-value > 0.05) (Figure 5.3b1). However, 
when comparing WR between the ASC-c1 and NF-n3 farms, these tests presented the opposite 
result, in that the ASC-c1 farms extracted WR significantly higher compared to the NF-n3 farms 
but the benefit of the NF-n3 farms was marginal in terms of decision making (the MC frequencies 
where Xc1 < Xn3 of 46% and p-value < 0.05) (Figure 5.3b3). The latter result would be due to the 
qualified estimation of water input of the NF-n3 farms instead of an on-site measurement 
throughout production. Consequently, the NFs might be concluded to extract the water resources 
as efficiently as the ASCs, whereas the water input measured at 9 of the 10 NF-n1 farms studied 
in Nhu et al. (2016) and estimated in Bosma et al. (2011) was less than 5000 m3 water tonne-1 
Pangasius, which is the limitation of water abstraction set by the ASC standards (ASC, 2012).   
Moreover, the fresh water eutrophication impact (FE) varied significantly among the NFs (n1, n2 
and n3), primarily due to the highly fluctuating discharge of total phosphorus (TP). This resulted 
in an inconclusive benefit of applying the ASC scheme to FE, representing through the conflicting 
decision confidence probability (µ) of the Monte Carlo calculation: 68% that Xc1 < Xn1, 95% that 
Xc1 < Xn3 and 32% that Xc1 < Xn2 when comparing the FE impact between the ASCs (c1) and 
the NFs (n1, n2 n3). In short, the ASC certification scheme ascertains a low environmental impact, 
but it is possible that the impact is lower for certain non-ASC certified farms due to the large 
spread; however, on average this is not common. Moreover, the differences in the timing of a 
survey of the 3 NF groups (n1, n2, n3) did not affect the statistical results, since a comparison 
between them and the ASC group (c1) was performed separately (i.e. in pairs). Similar results in 
a hotspot analysis and comparison with the ASC group were obtained for the 3 NF groups despite 
their differences in survey timing (except for the freshwater eutrophication impact). 
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 Sensitivity of methodological choices and limitations 
Differences in LCI modelling (e.g. processes of feed ingredients production, electricity, etc., see 
Supplementary material D1, Table D2) between this study and the previous studies (Bosma et 
al., 2011; Huysveld et al., 2013) negligibly affect the findings on the important contribution of feed 
input to LR, GW, AC and of grow-out farming to WR and FE, as well as to the identified 
environmental hotspots of Pangasius feed production, except the impact of domestic fishmeal on 
these categories (Section 5.3.1 ‘Hotspot identification’). The results indicate that more concern 
should be paid to the Vietnamese capture fishery because of its high consumption of diesel and 
electricity for fish capture and ice production. However, it should be noted that such production 
systems, especially at the small- and large-scales, aim to exploit other high economic-benefit 
species, i.e. shrimp, squid, crabs, marketable fish, while ‘trash’ fish used for reduction (feed input) 
is a low economic-benefit by-product requiring a large amount captured. The economic allocation 
could be interesting for quantifying the burden of Vietnamese fishmeal; however, a physical 
property (i.e. exergy content) was selected as the allocation base for discussion in this study, 
following the ISO guidelines (ISO, 2006b). Therefore, we also applied two other allocation 
approaches based on mass and economic values. 
The above-mentioned hotspot identification and comparative results derived from exergy 
allocation remain valid while the economic and mass allocations were also applied 
(Supplementary material D1, Figure D2), except the 2 following changes identified at the WR, 
GW and AC categories. First, through economic allocation, the burden of a unit of fn3 feed (used 
by the NF-n3 farms) was insignificantly higher than that of the other studied commercial feeds 
(i.e. fc1 used by the ASC-c1 farms, fn1 used by the NF-n1 farms and fn2 used by the NF-n2 
farms), which was not the case for the exergy and mass allocation approaches. Consequently, 
inputs of milling processes contributed more to the burden of a unit of feed, especially at WR, via 
applying the economic allocation compared to the mass and exergy allocation (Supplementary 
material D1, Figure D3). This is explained by a significantly higher share in fishmeal mass in the 
fn3 feed (14.8%) compared to the other studied commercial fc1 (6.6%), fn1 (6.6%) and fn2 (7.0%) 
feeds (Supplementary material. D2). Applying the economic allocation lowered the environmental 
impact of fishmeal, mainly domestic fishmeal, with respect to WR, GW and AC, where fishmeal 
was identified as the hotspot, resulting in a considerable decrease in the burden of a unit of the 
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fn3 feed in these categories. Second, the economic allocation decreased the decision confidence 
probability (µ) implying that Xc1 < Xn2 and Xc1 < Xn3 with about a 10% chance for GW and AC 
impacts (Supplementary material D1, Figures D4 and D5). This is supported by the fact that the 
fc1 feed (6.6%) used by the ASC-c1 farms contains a lower amount of fishmeal compared to the 
fn3 feed (14.8%) used by the NF-n3 farms, whereas the NF-n2 farms used a farm-made feed 
containing fishmeal at 9.3% and ‘trash’ fish at 14.8% in addition to the commercial feed fn2 
(Supplementary material. D2). In other words, the allocation choices drastically affect the 
environmental impact of feeds containing large amounts of fish-derived ingredients, especially 
domestic fishmeal, and the farms using these feeds. 
Furthermore, the sample size included 10 of the currently 37 ASC-certified farms in Vietnam. 
While the spread among farms was accounted for, Monte Carlo simulations generate indefinitely 
large sample sizes and thus achieve statistical significance for almost any comparison 
(Henriksson et al., 2015a). Therefore, we limited ourselves to a sample size of 1000 iterations 
(see Section 5.2.4 ‘Monte Carlo simulation’). However, we encourage further studies to reproduce 
our outcomes, based upon larger datasets and accounting for farm size, which could hopefully 
be made available for all ASC certified farms in the future. We also advocate for the proper 
interpretation of p-values and their limitations (Wasserstein and Lazar, 2016).  
Moreover, the CEENE method requires a better assessment of the environmental impacts of wild 
caught fish, inspired by the work of Luong et al. (2015), in which the resource footprint of 
harvested species, e.g. wild catches, is quantified by combining specific net primary production 
(NPP) required to produce the fish and the amount with the real productivity of NPP. 
 To certify or not to certify? 
The statistical test (i.e. Wilcoxon signed rank test) indicated that applying the ASC certification 
scheme garnered a significantly lower environmental impact with respect to certain resource- (LR, 
TR) and emissions-related categories (GW, AC and ME) due to better farming efficiency (i.e. a 
lower eFCR) and the management of nitrogenous emissions. However, based upon the MC 
frequencies, the studied ASCs were outstandingly more favourable than the studied NFs in terms 
of decision-making in only the emissions-related categories (see Section 5.3.2 ‘Comparative 
results’). Although the ASCs obtained no clear benefit with respect to water resources (WR) and 
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freshwater eutrophication impact (FE), following the ASC certification scheme better manages 
the high fluctuation in water inputs and nutrient (nitrogen and phosphorous) discharges at the 
NFs. For Pangasius aquaculture, the ASC standards limit the feed and water use to a maximum 
amount of 1.69 tonne feed (eFCR) and 5000 m3 water in the production of one tonne of 
Pangasius. Water effluent quality and nutrient utilization efficiency are better monitored by 
developing specific requirements for the most important nutrient parameters, i.e. nitrogen and 
phosphorus, which affect the eutrophication impact. The maximum amounts of total nitrogen and 
phosphorus discharged from ponds are restricted to 27.5 and 7.2 kg per tonne Pangasius 
produced, respectively (ASC, 2012).  
Moreover, a large share of the wild fish in aqua-feed has been reported as one of the primary 
causes of global warming and eutrophication in many Asian aquaculture systems, including the 
Vietnamese Pangasius (Henriksson et al., 2015b). This study also found that the share of fishmeal 
in Pangasius feed primarily drives the environmental performance of Pangasius aquaculture, 
including both ASCs and NFs, with respect to water resources (WR), global warming (GW) and 
acidification (AC), in addition to crop-derived ingredients (Section 5.3.1 ‘Hotspot identification’). 
While finding more sustainable sources of fishmeal as aqua-feed is challenging with regard to 
product origin, production technology, nutritional quality, etc., limiting the inclusion of fishmeal 
itself could be feasible and efficient. The inclusion of fishmeal and fish oil in Pangasius feeds was 
accounted for in the ASC scheme as the maximum Feed Fish Equivalency Ratio (FFER) of 0.5. 
The FFER should be calculated for the two fish products (i.e., fishmeal and fish oil); the greater 
value is then in compliance to the requirements. FFER is defined as the product of eFCR and the 
mass percentage of fish products in feed per the mass percentage of fish products derived from 
wild caught fish which ranges from 22-27% for fishmeal (22.22% on global average) and 3-7% for 
fish oil (5%). The FFER value represents the efficiency with which fish products used in the feed 
are converted to live fish (ASC, 2012).  
As mentioned above (Section 5.1 ‘Introduction’), the certification schemes have established a 
course for transforming conventional Pangasius farming and production in Vietnam to a more 
environmentally friendly market under the important support of the Vietnamese government since 
2010. Large-scale farms might be more influenced. This was presented through, for example, 
higher values of eFCR (1.86) and fishmeal-FFER (1.24) at the 28 NFs (n3), which were surveyed 
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before 2010. These values were lower for the NFs surveyed after 2010: 1.67 and 0.49 for the 10 
NFs (n1) and of 1.68 and 0.54 for the 38 large-scale farms studied in Henriksson et al. (2015b); 
they nearly met the ASC standards (eFCR of 1.69 and FFER of 0.5). The large-scale farmers 
were more able to participate in certification standards (and hence obtained more benefit), 
whereas the small- and medium-scale farms did not benefit because of the demands associated 
with written documentation, technical requirements (e.g. equipment, waste treatment, etc.) and 
auditing fees (Marschke and Wilkings, 2014). This practical limitation of certification may also 
explain why non-certified farms do not always have a higher impact compared with certified ones; 
maybe they have just not been audited. However, in a broad-scale survey, compared to the small- 
and medium-scale farms, large-scale farms consumed less feed (i.e. lower eFCR) and emitted 
fewer nutrients into freshwater and air (Supplementary material. D2), resulting in a significantly 
lower environmental impact with respect to global warming, eutrophication and freshwater eco-
toxicological impacts (Henriksson et al., 2015b). 
On the other hand, more sustainable development certification schemes have been recently 
launched for aquaculture production in general and more specifically for the Pangasius sector at 
both a worldwide coverage (e.g. GlobalGAP, ASC, etc.,) and country scale (e.g. Vietnamese 
Good Agricultural Practices VietGAP). Pangasius products must also meet different certification 
schemes depending on import markets (e.g. GlobalGAP in the United States, ASC in the 
European Union, etc.). This may lead to difficulties in identifying certificates for producers, and 
confusion among producers, retailers and consumers in recognizing a credible scheme, and may 
also lead to higher costs due to the need for multiple audits. The Global Sustainable Seafood 
Initiative (GSSI) therefore officially launched the Global Benchmark Tool in October 2015 which 
provides the following: (i) producers with more options to choose the right scheme and reduce 
the cost of multiple audits; (ii) buyers with simpler, more consistent data to guide their purchasing 
decisions; (iii) NGOs with more open and vetted information to promote the environmental 
sustainability of seafood; and (iv) consumers with confidence in certified seafood (GSSI, 2016). 
The three certification schemes relevant to Pangasius: ASC, BAP and VietGAP were partnered 
with GSSI for the Global Benchmark Tool pilot, which was road-tested in 2015. 
Jonell et al. (2013) indicated that certification schemes have limited influence on reducing the 
environmental impact of the growing aquaculture sector in general because they focus on species 
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(e.g. salmon, shrimp) predominantly consumed in the European Union and the United States, 
with limited coverage of Asian markets where seafood consumption is predicted to increase 
substantially. Certified products also currently constitute a minor share in the market, whereas 
standards for species that have the potential to be produced in large quantities with marginal 
environmental impact, e.g. carp, have not been established. Other issues include the inequitable 
and non-uniform applicability of certification across the sector, a lack of incentives for 
improvements among the worst performers, and incomplete coverage of the studied 
environmental impacts (e.g. lacking biophysical and ecosystem sustainability). However, 
certification seems to be a good approach for Pangasius production to ascertain adequate 
environmental sustainability, as shown in this study; however, implementation should be unified 
(one certification scheme), facilitated and made more affordable.  
 Further improvements for Pangasius farms, inspiring certification schemes 
In light of current certification standards, further improvements are possible and could raise the 
bar, inspiring improvement and development of certification criteria. First, it is important to note 
that current LCA methodology cannot cover all aspects of sustainability and thus not all aspects 
of a certification scheme (Supplementary material D1, Table D1). Simplified/inferred equations 
could be used for certification to estimate the environmental impacts of an agriculture/aquaculture 
production system based on key factors (Avadi et al., 2016; Nhu et al., 2016). Care should be 
taken as these equations are only usable for similar farm systems and data collection/modelling 
as those from which they are derived. The feed input was identified as the most important factor 
driving the environmental sustainability of intensive Pangasius aquaculture, for both the resource- 
(LR, TR) and emissions-related (GW, AC) categories. Increasing fish farming efficiency by 
(further) reducing the eFCR could be challenging but is feasible as the eFCR values of Pangasius 
aquaculture were reported to vary within a range of 1.0-3.0 in commercial pellet feeds and  
1.3-3.0 for farm-made feeds (Phan et al., 2009). Moreover, more attention should be paid to the 
most important feed ingredients, which drive the environmental sustainability of Pangasius feeds: 
crop-derived (i.e. soybean meal, rice and wheat by-products) and fish-derived ingredients. 
Domestic fishmeal was more profitable to Pangasius feed producers than imported fishmeal (e.g. 
Peru) due to lower prices. However, its environmental burden was also significantly higher per 
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unit of fishmeal, regardless of the applied allocation approach (i.e. exergy, mass or economic 
allocation). This is a result of the higher fuel consumption by the Vietnamese fishery compared to 
that of the Peruvian fishery (Section 0 ‘Sensitivity of methodological choices and limitations’). This 
implies that more attention to the mass of domestic fishmeal in Pangasius feed composition is 
essential, though the inclusion of fishmeal and fish oil was restricted in the ASC scheme via the 
FFER limit of 0.5. The inclusion of livestock-derived ingredients in Pangasius feeds should also 
be a priority, since small amounts (e.g. 3.4% in the fn2 feed) made substantial environmental 
contributions with respect to WR, GW, AC and FE (Section 5.3.1 ‘Hotspot identification’). 
Recycling pond sediment as agricultural fertiliser can avoid the consumption of similar-function 
alternatives, i.e. agricultural fertiliser. The substitution of pond sediment for fertiliser generates an 
‘avoided credit’ of 147 MJ kg-1 N in sediment and 118 MJ kg-1 P in sediment. The quantification 
was based on the replacement ratio of nutrient contents between pond sediment and the most 
widely fertilisers used in Vietnam, i.e. urea for nitrogen and superphosphate for phosphate (Nhu 
et al., 2015a). Leaving sediment in place (e.g. fish ponds, sedimentation ponds, etc.) could be 
another option since the nutrient discharge and related impacts, e.g. eutrophication and the 
energy consumption for pumping, are reduced (Bosma et al., 2011). However, such applications 
are not superior to, e.g. composting, since the use of (semi)intensive unaerated fish ponds as 
waste management and valorisation systems might result in increased methane emissions, which 
contribute significantly to global warming (Astudillo et al., 2015; Chen et al., 2016).    
It is important to acknowledge that the impacts of veterinary medicines, feed additives and 
probiotics to the considered categories were quantified here based on their total amount used 
and were represented by the generic organic/inorganic chemicals (including process numbers) 
from the Ecoinvent v.2.2 database. They were found to be regularly used in Vietnamese 
Pangasius farms in total quantities, relative to production, that were comparable or even lower 
than those reported for other animal commodities (Rico et al., 2013). Henriksson et al. (2015b) 
presented that on-farm chemical use in the Pangasius NFs made limited contributions towards 
the overall life-cycle freshwater ecotoxicity (FWET) impact; however, benzalkonium chloride 
(BAC) and other chlorine-releasing compounds, the most commonly used disinfectants, are an 
exception, especially BAC, for which the emissions (56.5 mg/kg Pangasius) to the environment 
induced 16% of the FWET impact. 
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GlobalGAP  imposed a Maximum Residue Limit (MRL) of BAC at 0.5 mg/kg until August 2015, 
after which this was lowered to 0.1 mg/kg for food or feed (GlobalGAP, 2016). However, no 
specific restrictions, with respect to the quantity of BAC used or discharged, were established in 
the ASC or GlobalGAP guidelines. Certification schemes can be further improved based on our 
advice, but at best, stakeholders must be consulted to assess their feasibility. 
 
 Conclusions 
Similar environmental hotspots were identified for both ASC-certified and non-ASC certified 
Pangasius farms: feed inputs for land resources (LR), global warming (GW) and acidification (AC) 
categories and other farm inputs (i.e. growing-farming, except feed input and hatchery) for water 
resources (WR) and freshwater eutrophication (FE) categories. However, feed and growing-
farming inputs contributed near equally to the total resource use (TR) and respectively dominated 
the marine eutrophication impact (ME) of the ASC and non-ASC systems, respectively. The ASCs 
induced a significantly lower environmental impact at most considered categories but obtained 
no clear benefit regarding the WR and FE categories. The ASCs were also outstandingly more 
favourable than the NFs in terms of impacts in some emissions-related categories (GW, AC, ME). 
Selecting the mass, exergy content or economic value as an allocation approach only drastically 
influenced the environmental impact of feeds containing relatively large amounts of fish-derived 
ingredients and consequently impacted the metrics for the farms using these feeds. Possible 
improvements, inspiring new certification standards, are as follows: decreasing the amount of 
feed used (i.e. a lower economic Feed Conversion Ratio) and lowering the impact of a unit of feed 
by restricting the shares of high-impact ingredients, e.g. fishmeal or livestock-derived ingredients. 
A good way to lower the eFCR (or FCR) is to increase fish density; however, this needs a 
recirculation flow and a movement of large water volumes requiring a high consumption of energy, 
e.g., a recirculation aquaculture system. Changing fish feed composition can have consequences 
for fish welfare, fish quality and consumer health. These options are therefore best reviewed with 
key stakeholders. 
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 Key findings of the work 
The general objective of this PhD thesis was to assess the environmental impact, including both 
resource-related (Chapters 2 to 5) and emission-related indicators (Chapter 5), of fish products 
from freshwater aquaculture in Vietnam. The focus was specifically on two prime systems, the 
integrated system of agriculture, aquaculture and biogas production (IAA system, i.e. pig-fish-
biogas) in Chapter 2 and the monoculture system (precisely intensive Pangasius farming) in 
Chapters 3 and 5. The assessments extend from process level (through exergy flow analysis) to 
life cycle level (through life cycle assessment). Similar approaches were also applied to explore 
the resource use efficiency of fish processing products, in particular Pangasius fillet products, 
including frozen and modified atmosphere packaging (MAP) fillets, exported to the European 
market (more precisely Belgium) in Chapter 4. Moreover, straightforward equations were 
established in Chapter 3 to simply estimate the resource use of Pangasius feeds and fish cultured 
in intensive farms, including non-certified and certified one. 
Moreover, challenges of performing an aquaculture LCA and efforts that were made to translate 
research outcomes into practice in order to support the decision-making of farmers, are 
discussed. Finally, concluding remarks with respect to both thematic and methodological aspects 
are provided. 
 Environmental sustainability of fish aquaculture in Vietnam  
Overall, the three prime fish aquaculture systems in Vietnam, including the integrated pig-fish-
biogas, non-certified and ASC-certified intensive pond farming, were analysed using the LCA 
approach. Their environmental impact was not limited to activities of the farm facility itself or areas 
where the aquaculture production was executed (i.e. the foreground system). Both the 
background and foreground systems drive the environmental performance of both integrated 
aquaculture and monoculture via the dominant contribution of feed input, on-farm water use and 
nutrient discharges (Chapters 2, 3 and 5). These environmental aspects are therefore discussed 
in the subsequent sections. 
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6.1.1.1 Feed production 
LCAs on intensive Pangasius aquaculture showed that feed input was the dominant contributor 
to the land resources, global warming and acidification. Key factors regarding the environmental 
impact of Pangasius were therefore the amount, composition and production of the feed used. 
The agricultural production of crop-derived feed ingredients was the activity causing most 
environmental impact on these three categories. Soybean meal, rice by-products (bran, meal, 
broken rice) and wheat by-products (flour, bran) contributed the most due to their high shares. 
Moreover, a high inclusion of domestic fishmeal in Pangasius feeds along with a high diesel and 
electricity consumption for the capture fishery in Vietnam resulted in a high share in the global 
warming and acidification impact of Pangasius aquaculture (Chapters 3 and 5). The latter reason 
also explained a rather higher environmental impact of domestic fishmeal originating from the 
Vietnamese fishery compared to the impact of fishmeal imported from Peru.  
Additionally, the integration of agriculture and aquaculture (i.e. the IAA system with or without 
biogas production) consumed less feed for both fingerlings and fish compared to monoculture 
due to the application of manure and/or digestate in ponds. Besides possibly serving as direct 
food source, this nutrient source coupled with carbohydrate-rich pelleted feed is presumed to 
have increased the microbial production (i.e. bioflocs in pond water or biofilms on submerged 
surfaces) which was the food source of either fish or zooplankton in ponds. The amount of feed 
use might be more decreased by adding digestate instead of manure into fish ponds (Chapter 2). 
Following one of the sustainability schemes for Pangasius aquaculture, e.g. Aquaculture 
Stewardship Council (ASC), would also limit the feed use at 1.69 tonne feed per tonne Pangasius 
(Chapter 5). In short, for a given feed, reducing the amount of feed can result in a lower 
environmental impact, specifically at impacts where the feed input plays an important role (i.e. 
land resource use, global warming, and acidification).    
6.1.1.2 Growing-out farming 
Regarding grow-out farming (the farm scale excluding feed input and hatchery), on-farm water 
input (i.e. total exchange volume) and total nutrient discharges throughout production cycle were 
identified as the hotspots in water resource use and freshwater eutrophication impact, 
respectively (Chapters 3 and 5). The high fluctuation in water use and nutrient (nitrogenous and 
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phosphorous) discharges in the intensive Pangasius aquaculture can be better controlled through 
following the ASC standards (Chapter 5). Due to this strength in addition to a more efficient feed 
use (see Section 6.1.1.1 ‘Feed production’), the ASC certification scheme was shown to be a 
good approach for determining adequate environmental sustainability with respect to land 
resource use, global warming, acidification and marine eutrophication in fish aquaculture in 
Vietnam, more specifically in Pangasius farming.  
In addition, compared to the intensive aquaculture system, the water input of integrated 
aquaculture (fish pond only) in the IAA system is a more relevant point of attention due to an 
inefficient use. Such an integrated aquaculture system obtained a rather lower production yield, 
leading to a much higher amount of water usage per kg of delivered products (i.e. fish or 
fingerlings) despite the fact that its total water amount per unit of land area was lower due to a 
lower water exchange rate and frequency compared to the intensive aquaculture system. The 
inefficient water use in fish ponds integrated in the IAA system resulted in a higher resource 
footprint (CEENE value) to deliver a similar amount (kg) of fish/fingerlings (Chapter 2). It is 
important to highlight that the water use is put solely to fish aquaculture while channel/river has 
many other functions. If pig manure was directly flushed in channel/river, the water amount used 
for aquaculture would be higher to achieve a similar reduction in water quality. In this sense, the 
integrated aquaculture generates income from sanitation of manure. Current LCA methods are 
still limited in covering such aspect but effects on alternative water usage should ideally be taken 
into account.  
 Resource consumption of Pangasius fillet products from Vietnam  
This work also explored the resource use, expressed as the Cumulative Exergy Extraction from 
Natural Environment (CEENE), of Pangasius fillet products (in particular those in Modified 
Atmosphere Packaging; MAP). A focus was only on resource use and its efficiency at both life 
cycle and gate-to-gate levels (Chapter 4). An LCA study was applied to investigate the life cycle 
of MAP fillets from cradle to Belgian factory gate, including four phases: aquaculture (i.e. feed 
production, hatchery and fish farming) analysed in Chapter 3, fish processing in Vietnam to frozen 
fillets, oversea transport to Belgium and further processing in Belgium to MAP fillets. The 
aquaculture phase, specifically the feed production and water renewal, contributed primarily 
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(76%) to the resource use of the MAP fillets despite of the allocation choices (physical (i.e. exergy 
content) or economic properties) and the fact that the MAP fillets were processed twice (in 
Vietnam and Belgium) and transported overseas with a distance of approximately 12,000 km. 
Consequently, opportunities of improvement toward the resource consumption for Pangasius fillet 
products pertain on the primary production phase (i.e. aquaculture), as discussed in previous 
section. One feasible option could be to meet the standards of one of the certification schemes 
currently available for Pangasius aquaculture, e.g. ASC, which was analysed and compared with 
the intensive non-certified aquaculture system in terms of the environmental impact in Chapter 
5. Importantly, Pangasius importers have impact on the decision on the characteristics of imported 
Pangasius fillets and the disposal of packaging of the fillets, resulting in an availability of different 
processing scenarios which would drive the resource use of Pangasius fillets. At the processing 
facility level, interest should focus primarily on the consumption of electricity, water and 
particularly packaging materials which were identified as a hotspot of gate-to-gate exergy 
dissipation (Chapter 4). 
 Comparing with the environmental impact of other aquaculture species  
The resource use of Pangasius fillets products (i.e., frozen and MAP fillets) was compared to that 
of Tilapia frozen fillets and fresh chicken meat consumed in the European market based on a 
reproduction of inventory data mentioned in the literature (Chapter 4). This analysis shows the 
two main following results. Firstly, opportunities for improvement with respect to the resource use 
are laid on the primary production (i.e., aquaculture and agriculture), particularly on feed input, 
rather on processing and packaging. A similar conclusion is drawn for some marine seafood 
products (e.g., frozen cod fillets): fishery contributes primarily to its environmental impact with 
respect to the life cycle energy consumption (Ziegler et al., 2003). Feed conversion ratio (FCR), 
which represents the animal farming efficiency, possibly yields an estimate of the resource use 
of feed-based animal products (if similar feed is used). Secondly, one should note that the feed 
production itself and by-product valorisation also drive the resource use of these products in 
addition to the FCR value. For example, Pangasius frozen fillet extracted resource as efficient as 
Tilapia frozen fillets, which can be explained by the similarities between Pangasius and Tilapia in 
the FCR values (approximately 1.7) and characteristics in respect of feed type used, processing 
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and by-product valorisation. A higher FCR of chicken and the fact that Pangasius processing 
waste was valorised into different by-products while waste of chicken meat production was 
incinerated and considered as waste resulted in a 2-fold higher resource use of fresh chicken 
meat compared to MAP Pangasius.  
Regarding emission-related categories, the global warming (GW) impact results of this work (i.e., 
ASC-certified and non-ASC certified Pangasius farms presented in Chapter 5) were compared 
with those from other LCAs of finfish aquaculture (Figure 6.1). This analysis showed that feed 
input contributes the most to the life-cycle GW impact of different aquaculture systems. Ayer and 
Tyedmers (2009) also presented that farming technologies possibly play a role, e.g., recirculating 
aquaculture system (RAS) induced a higher GW impact compared to other farming systems: net-
pen, bag or flow-through due to a high on-site energy consumption (see Section 6.3.2 ‘Improving 
grow-out farming’) since the same fish species (salmon) was cultured in these systems. One 
should note that these findings (Figure 6.1) should be approached with care since these LCIA 
results are substantially affected by the methodological choices (e.g., the LCIA method, allocation 
approaches, LCA-supporting database, inventory modelling, etc.), which are discussed in Section 
6.2. ‘Methodological choices in aquaculture LCAs’. Different versions of the same LCIA method 
(e.g., CEENE v2007 and v2013) also induces different outcomes (see Chapter 4).  
In other words, reproducing the outcomes of other LCA studies based on raw inventory data would 
be required for a broader-scale comparison among different aquaculture species with respect to 
the life-cycle environmental impact. However, this would be challenging due to difficulties in data 
availability and/or quality, which is discussed in Section 6.2.3 ‘Inventory sources: availability and 
quality’. Moreover, conducting a comparable LCA using statistic tools and a comparative 
uncertainty propagation in which the comparison is considered (e.g., the methods applied in 
Chapter 5), is essential but associates with different concerns discussed in Section 6.2.8 
‘Comparative LCAs’. 
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Figure 6.1. LCIA results (i.e., global warming) for Pangasius cultivated in the ASC-certified (ASCs) and non-
ASC certified farms (NFs) in the Mekong Delta (1: own study (Chapter 5)) compared with those 
of other aquaculture system, including (2): Ayer and Tyedmers (2009), (3) Aubin et al. (2009), 
(4) Bosma et al. (2011), (5) Henriksson et al. (2015b) with different allocation approaches (ex: 
exergy content, ma: mass, ec: economic, en: gross nutritional energy content). ‘int&semi’ refers 
to intensive to semi-intensive system. 
 Simplified estimation of the environmental impact of Pangasius aquaculture  
The LCA approach has been considered as a way to better understand and identify more 
environmentally sustainable practices in aquaculture, a highly diverse activity with respect to 
technologies and cultivated species. However, such an approach requires complex modelling and 
time-consuming data collection (Horne et al., 2009). To simplify this task, an easy calculation tool, 
i.e. equations or models using limited data, was therefore established to estimate the resource 
use (CEENE) throughout the cradle-to-gate life cycle of Pangasius feeds and fish delivered at the 
feed mills and grow-out farms, including both non-certified and certified groups (Chapter 3). 
Pangasius producers therefore might easily assess the resource use of their own production 
based on the linear correlation between the cumulative exergy extraction and the three key 
predictor variables: the share in mass of agriculture-derived feed ingredients, the water amounts 
and feed input quantity.  
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 Methodological choices in aquaculture LCAs  
 Selecting functional unit (FU) 
The functional unit (FU) is a key concept within LCA, which has to be clearly defined as it 
considers the actual function delivered by a product or service and provides a reference to which 
the inputs and outputs can be related. The choice of FU is also important to compare different 
products because certain products may perform better when assessed with mass amount as FU, 
while others may perform better when assessed, for example, on a protein or energy basis 
(Henriksson et al., 2012; Parker and Tyedmers, 2012). Direct comparison on a mass basis for 
example is meaningless if the alternative products are used or disposed of in a different way or 
have different lifetimes (Lehtinen et al., 2011). The choice of FU also defines the system 
boundaries covered in the inventory. For instance, the studied system boundaries should include 
processing and transportation to Belgium as ‘frozen fillets delivered to retailers’ was entailed in 
the FU.  
Most aquaculture LCA studies reported the environmental impacts per live-weight tonne of fish 
delivered at farm gate (Henriksson et al., 2012; Lehtinen et al., 2011). This common FU can be 
applied for both mono intensive (Chapters 3 and 5) and integrated aquaculture systems (Chapter 
2). For instance, to quantify and compare the resource use of the two integrated pig-fish-biogas 
systems, the FU ‘a sum of products’, defined as the sum of 1 kg of each product delivered at the 
farm gate, was selected (Chapter 2). Moreover, another term is ‘a basket of products’, defined 
as the collection of specific amounts of the targeted products and not necessarily 1 kg, can also 
be used as the FU. This basket of product can for example be the main product and its by-
products corresponding with the given amount of the main product.  
Regarding aquaculture processed products, the functional unit is often the weight of a product 
presented to a customer (edible yield, e.g. 500g of frozen fish fillets, flesh, or tails, etc.) to permit 
ready comparison across products and production systems (Stuart, 2013). Ideally, the functional 
unit should reflect the function of the product system. In Chapter 4 of this study, one tonne dry-
weight of natural Pangasius fillets in package (except water, chemicals absorbed) was selected 
because this FU was independent of different processing scenarios which are available in the 
Vietnamese processing facility and selected by Pangasius importers. In other words, this FU 
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allows a comparison of the resource use efficiency among different alternatives in the four 
processing steps (soaking, glazing, freezing and packaging) though it can be less common and 
quite difficult to communicate compared to the live-weight edible yield.  
 Defining system boundaries 
In aquaculture LCAs, the application of the ‘cradle-to-gate’ (i.e. farm or processing facility gate) 
approach is more favourable. It might be explained by the fact that aquaculture LCAs cover large 
production systems from around the globe (i.e. incorporation of both agriculture, livestock and 
aquaculture production) (Henriksson et al., 2012) and a wide range of processing methods. The 
level of processing and the amount of seafood going to waste also differs between products 
(Godfray et al., 2010). Moreover, Pangasius products are traded globally, it is therefore more 
difficult to trace them to final markets. To guide consumers, a more extensive system boundary 
at or beyond the market is otherwise recommended to prevent underestimated outcomes 
(Iribarren et al., 2010). 
Previous aquaculture LCA studies have shown that infrastructure has a minimal contribution to 
overall impacts but the calculation of this  input requires large time investments (Ayer and 
Tyedmers, 2009); infrastructure is therefore often excluded. However, its contribution to some 
emission-related categories, i.e. global warming, eutrophication and acidification, can amount to 
19% (Henriksson et al., 2012). Infrastructure was not covered in the four LCA studies of this work 
because they focused more on resource-related categories (Chapters 2 to 4). Moreover, data on 
production/processing of feed ingredients, i.e. the most important inputs, were mainly sourced 
from literature, e.g. the work of Bosma et al. (2011); Freon et al. (2014); Henriksson et al. (2015b), 
which do not consider infrastructure.  
 Inventory sources: availability and quality 
High quality and accurate data are crucial for conducting reliable life cycle assessments. Good 
databases have a substantial impact. However, there is a fact that most of the inventory details 
of the production/processing feed ingredients (i.e. crop cultivation, livestock production, fisheries 
and other related processes) remain unpublished in LCAs generally and aquaculture LCAs more 
specifically. Moreover, it remains unclear which flows were included in the system boundary or 
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where the background database or the foreground data collected on site were used (Henriksson 
et al., 2012). Consequently, reproducing the outcomes of other LCA studies for a fair comparison 
between different product systems is challengeable, especially because the LCA-supporting 
databases which substitute for unavailability of own data include numerous (difficult to check) 
assumptions. Towards a better sustainability assessment of food supply chains, a high quality 
and transparent database, namely Agri-footprint, has been developed by the Blonk Consultants 
in 2014. This database contains approximately 3500 products and processes of feed, food and 
biomass serving for the life cycle inventory of the agriculture and food sector (Agri-footprint, 2016).   
Opportunities for improvements within processing and distribution remain important to more 
completely, efficiently and effectively use of available natural resources (Ayer et al., 2009; Tlusty 
and Lagueux, 2009); however, data on food processing is generally lacking (Sanjuan et al., 2014), 
especially in developing countries like Vietnam. This gap was partially fulfilled by the assessment 
on resource use efficiency of Pangasius products (Chapter 4). During this PhD work, 
representative data of the Vietnamese situation (e.g. data of the fishmeal production and rice 
cultivation in Vietnam derived from Henriksson et al. (2015b), electricity production mix reported 
by the International Energy Agency (IEA, 2016), etc.) were coupled with the LCA databases (e.g. 
Ecoinvent or LCAfood) wherever possible. There is otherwise a drawback that some databases 
and/or literature data are somewhat out-dated, e.g. data of fishmeal and poultry meal production 
derived from Pelletier (2006) (Chapters 2 and 4). 
At the process and farm/factory levels, exergy flow analysis allows identifying opportunities for 
improvement and applying allocation based on the exergy content of products, which represents 
both their quantity and quality. However, such approach requires detailed information of all in- 
and outputs covered (e.g. macro-nutrient compositions of each feed ingredient, states and 
compositions of chemicals used, etc.), resulting in an application of a wide range of literature 
sources which are not completely representative of the Vietnamese situation. 
 Making allocation choices 
Allocation choices play an important role in aquaculture LCAs as the feed ingredients originate 
from by-products of agriculture (e.g. rice bran, wheat bran), livestock production (e.g. poultry 
meal), fishery and aquaculture (e.g. fish meal). Moreover, aquaculture and processing result in 
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different useful outputs (e.g. pond sediment, fishmeal, fish oil) in addition to a desired product 
(e.g. harvested fish or fillets).  
The background data of LCA studies in this work primarily derived from the Ecoinvent v.2 
database and literature, e.g. Bosma et al. (2011); Freon et al. (2014); Henriksson et al. (2015b). 
In the Ecoinvent database, different allocation strategies (e.g. physical (mass, energy, exergy) 
and economical parameters) are performed. Although it is infeasible to make all ecoinvent 
processes used for the background system consistent with only mass, exergy or economic 
allocation, a reproduction of the outcomes should be better performed wherever practically 
feasible to be accordant to the selected allocation approach. For instance, as the exergy allocation 
was selected, the burdens of soybean meal available in the Ecoinvent database were reproduced 
using this approach instead of the economic one (Chapter 5).   
Regarding the literature source, data of inputs (resources, energy, working materials, services, 
etc.) and outputs (emissions and all co-products) of the production system were reported as the 
raw inventory data (without allocation). These data should be used instead of the assessment 
data (with allocation) to reproduce the outcomes according to the selected allocation base.  
Moreover, physical properties have been favourably applied as the allocation base in the LCAs 
of seafood production and agriculture while economic criteria are still applied to determine 
whether an output of a production system is classed as a co-product (e.g. fishmeal, fish oil) or 
residual/waste (e.g. manure). Such a problem of mixing economic and physical causality should 
be resolved by adopting a different definition for co-products based on physical properties which 
is consistent with the selected physical allocation (Mackenzie et al., 2016). 
 Resource use analysis at life cycle level 
This PhD work focuses more specifically on quantifying the resource use of Pangasius 
aquaculture in Vietnam and its products. Regarding natural resource consumption, there are 
different perspectives starting from the different roles natural resources play for human welfare in 
a direct and indirect way. Different LCIA methods have been therefore correspondingly developed 
to account for the resource use or its impact. For example, the thermodynamic LCIA methods, 
e.g., CEENE, cumulative energy demand (CED), cumulative exergy demand (CExD), can 
characterise the impact of a production system on certain types of natural resources (e.g., abiotic, 
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land, water, etc.). These impact methods give a broad overview of impacts on natural resources 
due to an aggregation of several resource categories expressed in one common unit (exergy or 
energy); however, they cannot reflect the asset reduction and impacts on a specific provision. 
Other LCIA methods, e.g., abiotic depletion potential (ADP), environmental design of industrial 
products (EDIP), can characterise the provisioning capacity of natural resources in fulfilling the 
provisioning functions for human, e.g., energy, material, food provision. They can link the resource 
depletion or extermination with the human activities for a specific provision (Dewulf et al., 2015).  
Each LCA study has specific objectives. This dissertation mainly aims to draw a very 
comprehensive overview on natural resource use of fish aquaculture in Vietnam (i.e., the IAA 
system and Pangasius) and its products which are biomass-based systems. Consequently, 
during this PhD work, the CEENE v.2013 method was selected, since it is one of the two LCIA 
methods that covers all resource types, including land (Sfez et al., 2017; Swart et al., 2015). 
Hence, it meets the study objectives and remediates the shortcomings of other resource-oriented 
methods, e.g., CED, CExD (JRC-IES, 2011; Liao et al., 2012; Rugani et al., 2011). Meanwhile, 
the CEENE outcomes also present the shares of each specific resource category (e.g., land, 
water resources, see Figure 2.4 and Figure 2.5). This hence allows to also identify hotspots and 
opportunities for improvements along the product life cycle. Nonetheless, the CEENE method 
sums up different eight types of resources in a common unit (i.e. Joules of exergy) and do not 
provide information on resource depletion or the local scarcity of a resource.  
Land and water resources were identified as the resource use hotspots of Pangasius aquaculture. 
Only the renewable fraction of land resources, land occupation which represents the exergy 
content of the potential natural net primary production (NPP), was considered in the CEENE 
v.2013. Soil, a non-renewable resource, is otherwise excluded. Regarding water resources, the 
CEENE method accounts for only blue water (fresh surface and groundwater) resources which is 
extracted from the environment in a forced way. The green water (rainfall that does not run off, 
but directly used and evaporated by non-irrigated agriculture, pasture and forests) is only 
accessible through land occupation similar to solar radiation. They are non-forced environmental 
inputs and thus are not considered in the CEENE method as the case for the ecoinvent database 
(Huysveld et al., 2015b). Moreover, the CEENE method requires a better assessment of the 
resource footprint of wild caught fish, inspired by the work of Luong et al. (2015). These authors 
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showed that the resource footprint of harvested species, e.g. wild catches, should be quantified 
by combining specific net primary production (NPP) required to produce the fish and the amount 
with the real areal productivity of NPP. 
The resource use analysis on feed supply chains is also recommended to be integrated in the 
frontier analysis, a methodology based on economic production theory, to investigate the 
economic-exergetic win-wins, i.e. whether feed costs and overall natural resource use in the feed 
supply chain could simultaneously be reduced without reducing farm revenues (Huysveld et al., 
2015c). 
 Exergy analysis of food products 
In Chapters 2 and 4, the exergy analysis of processes in the foreground system was applied in 
combination with the CEENE method to identify the main causes of inefficient resource 
transformation in the core of the studied system and hence to search for improvements in terms 
of resource efficiency. Exergy analysis has also proven to be a promising environmental 
sustainability assessment method of other food production chains (Berghout et al., 2015; 
Zisopoulos et al., 2017).  
However, this approach has mainly been elaborated in an industrial context, it was unclear how 
to account for bio-productive land resources as an input during the quantification of efficiencies. 
To address such an issue, the Cumulative Overall Resource Efficiency Assessment (COREA) 
framework was developed to account for bio-productive land resources and to address the non-
renewable character of fossil resources (Huysveld et al., 2015a). Moreover, the exergy content of 
a food product does not directly reflect neither its nutritional characteristics nor whether a product 
is edible by humans or not. The efficiency of food conversion during digestion, absorption and 
metabolic conversion of nutrients have also not been widely considered within the exergy 
analysis. The work of Rodriguez-Illera et al. (2016) analysed the exergetic efficiency of four 
different food chains from raw ingredients until the absorption and conversion of the nutrients 
(carbohydrates as an example) into adenosine triphosphate (ATP, the main molecule for energy 
storage in the body). These author showed that the two exergy analyses which considered the 
processing chain with and without nutritional composition and metabolism data resulted in 
different outcomes with respect to the least exergy efficient chain. It is emphasized that there is a 
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need to include the nutrient bioavailability and overall metabolism efficiency in the exergy analysis 
to achieve a better insight in the overall efficiency of the nutrition supply instead of solely the 
efficiency of food supply.  
 Simplification of aquaculture LCAs 
Currently, the LCA methodology cannot cover all aspects of either sustainability or certification 
schemes. A full LCA can also be time and resource consuming; therefore, there is a need for 
using simplified tools. One can firstly apply simplified equations which are established based on 
a coupling of inferred LCAs and regression models to estimate the environmental impacts of 
different production systems (e.g. aquaculture, agriculture) via a limited number of key factors 
(Chapter 4). However, there is a drawback that these equations are only applicable for similar 
systems as those analysed. For example, the application of simplified equations established for 
Pangasius feeds is limited to Pangasius commercial feeds containing agriculture-derived 
ingredients of 84-92% and a negligible amount of fish oil or livestock-derived ingredients. An 
extrapolation to other contexts (e.g. from farm scale to regional scale) requires a representative 
farm sample, e.g. a high number of farms covering all types of agricultural production and 
practices in the studied catchment (Avadi et al., 2016). This constraint might be overcome through 
using the farming efficiencies reported in the literature to calculate the outcomes (with a small 
range of error). 
Moreover, the established equations to estimate the environmental impact, in this case 
cumulative exergy extraction (CEENE), of Pangasius feed and fish are directly associated with 
the methodological choices. It means that the coefficient of predictor variables may change 
according to a change in the selected allocation approaches, e.g. the economic property instead 
of the physical one (e.g. exergy content). Using different inventory sources, e.g. fishmeal 
production modelled by data of the SEAT project framework between 2010 and 2013 instead of 
one from the LCA Food database or Peruvian production in 2006, resulted in a similar effect. The 
established equations therefore reflect the interlinkage between the impact and the predictor 
variables identified as the impact hotpots (e.g. an increase of the CEENE value with increasing 
amounts of water and/or feed inputs) better than the absolute value of the impact. However, we 
recommend further study on this topic in which the LCA analysis should be updated with inventory 
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data more representative of the Vietnamese situation, extend the scale (i.e. amount of farms 
studied) and the covered impact categories to obtain a better outcome.  
 Comparative LCAs 
For a comparative LCA, statistical tests should be adopted along with a comparative uncertainty 
propagation in which a comparison is considered because they actually address two different 
questions according to the statistical and decision making viewpoints. The former aims to test the 
null hypothesis that the differences between the two production systems come from a distribution 
whose median is zero at the 5% significance level, while the latter indicates how often one 
production system would be favourable compared to another system (Henriksson et al., 2015a; 
Henriksson et al., 2015b). Moreover, the statistical tests do not take into account correlation 
between process chains of product systems (i.e. correlations between two different systems 
sharing several similar unit processes). This correlation can be covered through a comparative 
uncertainty propagation in which unit process data were identically randomised for each Monte 
Carlo simulation (Henriksson et al., 2014a), see Chapter 5. 
On the other hand, this approach requires time-consuming detailed data, a broad-scale survey 
with a large sample size and a complex modelling (e.g., Supplementary Material D2). A 
propagation method also requires high iteration times to reduce the level of error in estimating the 
impacts; however, this possibly raises a concern that any null hypothesis test on means or 
medians will produce significant results. While it is an inherent characteristic of classical 
hypothesis testing; it is not only true for the Monte Carlo method but also for any large sample 
size (Henriksson et al., 2015b). Consequently, data uncertainty analysis in this work was 
performed through the Monte Carlo method with a sufficient but not excessive sample size (i.e. 
1,000 iterations) (Chapter 5). This value is also recommended in the Simapro manual (Goedkoop 
et al., 2013a) and widely selected to analyse data uncertainty in LCAs.  
Moreover, different propagation methods are currently available for a comparative purpose, e.g. 
Monte Carlo, Taylor series, First Order Reliability Method (FORM). Wei et al. (2016) showed that 
the FORM method requires a significantly lower number of iterations (131 iterations) compared 
to the Monte Carlo method (1,000,000 iterations) to achieve a similar confidence probability, 
resulting in shorter computation time. In other words, the FORM method can overcome one of the 
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main drawbacks of the Monte Carlo method that is a requirement of high number of iterations to 
achieve a good confidence probability. However, the Monte Carlo method would certainly be 
convenient for applications since it is currently implemented in the common LCA software (e.g. 
Simapro, OpenLCA, CMLCA, etc.), including a flexible selection of impact assessment methods 
as well as criteria to stop the calculations (i.e. a fixed number of runs or a limit level of the standard 
error of mean) (Heijungs and Lenzen, 2014). In addition, dependent sampling is also favourable 
for a comparative LCA compared to independent sampling to reduce the effect of conscious and 
unconscious choices which remain largely consistent (Henriksson et al., 2015b). 
 
 Improvements towards environmentally sustainable fish aquaculture in Vietnam 
 Improving feed use 
In the life cycle of farmed fish (i.e. aquaculture) in general (Henriksson et al., 2012; Henriksson 
et al., 2015b; Roy et al., 2009) and Pangasius more specifically (Chapters 3 and 5), feed was 
the largest single driver behind most of the environmental impact. Consequently, more attention 
should be paid to a better control of quantity (i.e. amount) and quality (i.e. composition) of the 
feed used. Improvements on the production of feed ingredients is also of a concern.  
Reducing the amount of feed via lowering the feed conversion ratio (FCR, tonne of dry-weight of 
feed used per tonne of biomass increase) or economic feed conversion ratio (eFCR, tonne of 
feed used per tonne of biomass increase) without compromising fish quality should be a priority 
for the Pangasius sector. This can be achieved through integrating aquaculture systems with 
agriculture systems with or without biogas production (Section 6.1.1 ‘Environmental sustainability 
of fish aquaculture in Vietnam’ and Chapter 2). Inclusion of biogas production in the IAA system 
possibly results in a multi-benefit: a lower FCR for fingerlings and fish due to an application of 
digestate instead of manure into ponds and a high amount of produced biogas originating from a 
fully application of manure into a digester. Digestate can also prevent the formation of harmful 
gases in fish ponds and promote the microbial production, including zooplankton as a good feed 
for fish and fry (Krantzberg et al., 2010). However, care should be taken because an incomplete 
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use of the produced biogas which contains a high percentage of methane evokes concern 
regarding global warming. 
The composition of feed used was directly associated with the burden of a unit of feed (e.g. burden 
per tonne feed). Crop-derived ingredients attained the highest share in mass and contributed the 
most to the environmental impact of Pangasius feeds (Section 6.1.1 ‘Environmental sustainability 
of fish aquaculture in Vietnam’, Chapters 3 and 5), resulting in a high use of land and water 
resources for feed production. There are two possible approaches: making these ingredients 
more environmental friendly or finding more environmentally sustainable alternatives. The latter 
is actually challenging with regard to product origin, production technology, nutritional quality, etc. 
To make crop-derived ingredients use less resources, increasing the use efficiency of water in 
crop cultivation is essential to provide food sustainably for humans and water for maintaining 
natural ecosystems. Improving agronomic practices could be feasible; however, this leads to 
inevitable expansion of agricultural land to capture rainwater (Bindraban et al., 2014). To deal 
with a high land use of terrestrial primary biomass, aquatic biomass production could be 
promising, however, the process of drying aquatic biomass, which is performed to conserve the 
biomass for a longer time period, appears to be a major bottleneck in achieving a resource 
efficient production process because of its high energy consumption (Taelman et al., 2015). This 
option also requires further research on the feasibility of application of this feed type to Pangasius 
farming as well as the substitution of nutritional values between terrestrial and aquatic biomass. 
Moreover, fish-derived ingredients, specifically domestic fishmeal processed in Vietnam, 
contributed predominantly to water resource use, global warming and acidification due to a high 
consumption of diesel and electricity for this fishery (Chapter 5). Fishmeal is also additionally 
associated with many other negative consequences, including overfishing (Pauly et al., 2003), 
physical damage on seafloors (Hornborg et al., 2012), reducing protein availability for the world 
(Jacquet et al., 2010), a net loss in animal protein, pressures on wild fish stocks and competition 
with food availability (Henriksson et al., 2015b). A more use of processing by-products in fishmeal 
production could be a partial solution for this problem. This was shown to meet between half and 
two-thirds of China’s current fishmeal demand (Cao et al., 2015). Reducing the inclusion of 
fishmeal in Pangasius feeds, particularly the domestic one which induces a dramatically higher 
environmental impact compared to the imported Peruvian fishmeal, could be another priority for 
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lessening the environmental impact of Pangasius feeds (Chapter 5). Moreover, there is a need 
for more laboratory studies on developing fishmeal-free diets for Pangasius. Effects of feeding a 
fishmeal-free versus a fishmeal-based diet on Pangasius performance with respect to fish growth, 
fish quality, consumer health and environmental concerns (e.g., water quality, waste production) 
would be analysed. This option can, actually, not mitigate the impact of any other products 
indirectly derived from harvest fish, e.g., poultry meal.  
Following a certification scheme, e.g. ASC, also helps Pangasius producers to better manage 
their feed use efficiency, including the inclusion of wild-fish in feeds, via standards which limit the 
maximum value of the two important factors representing the feed efficiency of fish farming (i.e. 
eFCR of 1.69) and ratio of converting fish products used in feeds for live fish (i.e. Feed Fish 
Equivalency Ratio: FFER of 0.5) (ASC, 2012). However, such a FFER value does not consider a 
life perspective, e.g. for poultry meal since poultry is sometimes fed with fish meal; this thus 
indirectly implies fish input from a life cycle perspective. 
 Improving grow-out farming 
The grow-out farming inputs, specifically water use and nutrient discharges, were identified as 
the hotspots water resource use, freshwater and marine eutrophication impacts. To better 
manage these flows, reusing wastewater and sediments in agriculture production systems (e.g. 
adjacent rice fields or orchards) could be one of the most efficient ways because the substitution 
of pond sediment for fertilisers can benefit an ‘avoided credit’ of 147 and 118 MJex per kg N and 
P in sediment, respectively (Chapter 2). Moreover, such practice may also help to maintain the 
solid organic carbon on agricultural fields (Boyd et al., 2010) in addition to saving the consumption 
of inorganic fertilisers and irrigation water (Abdelraouf et al., 2014).  
A switch to a closed-loop system, e.g. recirculation aquaculture systems (RAS), could be another 
effective way because it would decrease both water demand and the potential pollution of 
aquaculture through recycling wastewater in fish ponds (Boyd and Gross, 2000). RAS is 
considered one of the future platforms to offer a sustainable aquaculture as RAS is designed to 
reduce nutrient discharges and to improve water quality in fish ponds as a response to 
environmental regulations (Martins et al., 2010). Regarding the environmental sustainability, RAS 
gains an avoided burden due to the substitution of solid wastes collected in RAS for synthetic 
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nitrogen and phosphorous fertilizers for agriculture since the RAS is assumed to be offsetting the 
production of an equivalent amount of these fertilizers (Ayer and Tyedmers, 2009). Recent 
investigation on an application of RAS to Pangasius farming at the experimental scale also 
presented that RAS induces a number of environmental benefits, e.g., less water use and nutrient 
discharges, higher nutrient utilization efficiency, higher content of volatile solids in solid wastes 
leading to a better compost quality and a higher methane yield relative to flow-through and pond 
systems (Nhut, 2016). 
However, this may be misleading when broader impacts such as global warming and acidification 
are considered (Samuel-Fitwi et al., 2013; Stuart, 2013). For instance, the global warming 
potential, acidification and cumulative energy demand of cultivating one tonne of live-weight 
salmon in land-based RAS (28.2 tonnes of CO2-equivalent) was ten- to fifteen-fold higher than a 
similar functional unit produced in net-pen, floating bags and land-based flow-through systems 
(Ayer and Tyedmers, 2009). This is due to a requirement of extra infrastructure and energy-driven 
technologies (e.g. pumps, oxygen and ozone generators, fans and chillers etc.) for operating 
RAS, even though the avoided burden from the substitution of solid wastes collected in the RAS 
for synthetic fertilizers were accounted for. Similar conclusions were presented in the work of 
Aubin et al. (2009). Because RAS consumes high amounts of energy, its environmental impact 
would depend on how the energy is produced. Electricity in Vietnam originates from hydropower 
(40%) and fossil fuels (60%: gas, coal, oil) (see Supplementary material D2). While there certainly 
are environmental impacts associated with hydroelectric dams (e.g., changes to ecosystems, land 
use, and wildlife habitat), these systems induce fewer harmful air emissions relative to fossil fuel-
based electricity sources (gas, coal, oil). An application of RAS on Pangasius aquaculture in 
Vietnam might therefore induces less environmental impacts associated with energy-driven 
technologies. Despite a similar possibility for increased environmental impact, for Pangasius 
aquaculture, the probability that RAS is a profitable investment is found to be 99% for both small 
and large farm sizes. Crucial parameters determining the profitability of RAS are price, yield, costs 
of fingerling, feed, and initial investment (Ngoc et al., 2016); its application in practice is though 
underdeveloped.  
In addition to the above-mentioned benefits of certification schemes (see Section 6.3.1 ‘Improving 
feed use’), they also result in a more efficient nutrient use via limiting the maximum discharged 
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amounts of total nitrogen and phosphorous, the two most important nutrient parameters at 27.5 
and 7.2 kg per tonne Pangasius produced, respectively. The water use efficiency is also better 
monitored due to a restriction to 5,000 m3 water used per tonne Pangasius (ASC, 2012). However, 
each import market requires a different certification scheme (e.g. GlobalGAP in the United States, 
ASC in the European Union, etc.); it is therefore difficult for Pangasius producers, consumers, 
and retailers to identify a credible certification scheme. Moreover, the high cost due to multiple 
audits, along with the technical (e.g. equipment, waste disposal, etc.) and administrative 
requirements (i.e. written documentation) (Marschke and Wilkings, 2014), also inhibit the 
willingness of Pangasius producers to apply certification schemes. In view of these handicaps, 
the Global Benchmark Tool launched in October 2015 (see Section 1.2.1 ‘Environmental 
concerns on global aquaculture’) might help Pangasius producers partially overcome these 
drawbacks (GSSI, 2016). In short, a broader view on sustainability in certification schemes is 
essential to make consumers more confident that their purchasing choices actually support more 
resource-efficient fisheries and aquaculture (Ziegler, 2014). Nonetheless, one should keep in 
mind that farm-level certification schemes, e.g. ASC, focus on only effects from inputs, such as 
feed and seed; those resulting from processing are not considered (Bosma et al., 2011). None of 
the main aquaculture certification schemes consider environmental costs of distribution and 
transportation (Bush et al., 2013). 
 Improving fish processing and distribution 
Opportunities for improvements within processing and distribution remain important to achieve a 
more complete, efficient and effective use of available natural resources (Ayer et al., 2009; Tlusty 
and Lagueux, 2009). Regarding resource use at the processing facility level, attention should be 
paid to reducing the consumption of energy, water as well as optimizing the by-product 
valorisation, waste emission and packaging use/disposal. At the life cycle level, the primary 
production, i.e. aquaculture system and supporting systems, constitutes the most important 
leverage points for improving environmental performance of aquaculture processed products with 
respect to both resource-related (Chapter 4) and emission-related indicators (Pelletier and 
Tyedmers, 2010; Ziegler et al., 2003). 
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Additionally, public mass media have posed a number of accusations with respect to the 
indiscriminate use of veterinary products, including both antibiotics and probiotics, in the 
Vietnamese Pangasius industry. However, most of these claims are not substantiated with 
scientific evidence (Boeckel et al., 2015). The Vietnamese Pangasius farmers were found to 
sufficiently apply antibiotics (93 g per tonne of harvested Pangasius on average) primarily for 
treating disease outbreaks; however, their total used amounts, relative to production, were 
comparable or even lower than those reported for other animal production commodities (Rico et 
al., 2013). The consumption of Pangasius available on the European market was also showed 
not pose any concern for the health of the consumer. The maximum amount of fillets that could 
have been consumed without any adverse effects amounted to between 0.6 and 303 kg day-1 
(lifelong for a 70 kg adult) in the case of preservatives and antibiotics (Boeckel et al., 2015). Even 
though the antimicrobial use in Pangasius production is still a cause of concern with respect to 
antimicrobial contamination of the aquatic environment, sufficient changes in aquaculture 
practices, e.g., better water management strategies, an application of new developed vaccines, 
pre- and probiotic microorganisms, promise further reductions in antimicrobial use. Regulations 
are also important to cover small-scale farmers that may not be subject to certification (Henriksson 
et al., 2015c). However, the application of certification schemes in Pangasius farms does not 
imply a reduction on the use of antibiotics or other environmentally hazardous compounds relative 
to non-certified farms (Rico et al., 2013). These schemes should therefore set up specific 
restrictions on the antimicrobial use in certified Pangasius farms.  
 
 Concluding remarks 
First, the analysis on the environmental impact of fish aquaculture in Vietnam, specifically 
Pangasius as a prime example, at both process and life cycle level highlighted that Pangasius 
producers, retailers and consumers should extend their interest from a gate-to-gate boundary to 
a cradle-to-gate boundary. In other words, their attention should go beyond the farm or processing 
facility gate. Feed suppliers and Pangasius farmers play an important role in driving the 
environmental performance of Pangasius products. They have to make strategic decisions about 
which sustainability standards to adopt and thus which processors to use and international 
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markets to access. Their decisions also affect the support of local governments, non-
governmental organizations (NGOs) and donors, for example: by proposing improvements or 
management of common resources (e.g., water) (Bush et al., 2013). Furthermore, Pangasius 
importers would be the key factor because they can choose the characteristics of imported 
Pangasius products and the end-of-life disposal of waste/packaging materials in addition to the 
selection of the feed suppliers and farmers as their partners. 
Second, improvements in both feed use and grow-out farming play an important role. A change 
in feed origin (e.g. imported vs. domestic), trophic level (e.g. terrestrial vs. aquatic), or composition 
(i.e. the share in mass) would though be quite challenging concerning nutritional quality and does 
not assure a better environmental performance of Pangasius feeds. Consequently, reducing the 
amount of feed use (i.e. a lower FCR or eFCR) could be key. Following one of the certification 
schemes available for Pangasius could also be the priority; however, this still remains a major 
challenge for the farmers, particularly the small-scale ones. More efforts are required to facilitate 
and make the implementation of certification schemes more practical. Similarly, the application of 
new aquaculture technologies, e.g. RAS, could have a potential for Pangasius; however, it 
requires further research to translate the small scale demonstrations into practice and further 
analysis on its environmental sustainability. However, either farm-level certification schemes, e.g. 
ASC, or RAS pay attention to impacts of only the primary production, i.e. aquaculture phase.  
Third, aquaculture LCAs is proven to be a useful tool to improve the environmental performance 
of supply chains or to establish criteria for eco-labelling of aquaculture products (Ziegler, 2014). 
There are still opportunities for future research. The sustainability assessment should focus on 
the certified group and its products more specifically and expand the scope to other categories 
(e.g. toxicity impacts, ozone depletion). A representative farm sample at a broader-scale survey 
is of importance. Since limitations of international certification schemes become apparent, there 
is a need to establish new hybrid forms of environmental governance that draw on strengths of 
existing certification schemes such as that of the ASC (Bush et al., 2013). Furthermore, one 
should keep in mind that LCA does not aim to save individual species or unique locations; this 
tool is crafted to steer societies towards more sustainable practices at global scale (Henriksson 
et al., 2015b; Ziegler et al., 2016).
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Supplementary material A1: Data on pig feeds used at the two studied farms 
In the two studied farms, different commercial feeds are used for different periods of pig 
production, including nursery, growing, gestation and lactation (Figure. A1). 
 
Figure A1. Daily dosage of different pig feeds used at the two studied farms. 
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Supplementary material A2: Data on fish feeds used at the two studied farms 
In the two studied farms, different feeds were used for broodstock, fingerlings and fish (cultured 
only in the third crop of farm B) (Figure. A2). Farm A used commercial pelleted feeds for the 
growth of fingerlings from larvae and for the reproduction of broodstock from the own farm’s 
fingerlings. Farm B applied home-made feed (including egg yolks, soybean, rice bran and fish 
meal) in the first 10 days and commercial pelleted feeds in the next 50 days of the fingerling crops. 
Broodstock were reproduced from matured fish harvested in the third crop; their maintenance 
consequently needed a small amount of home-made feed (44 kg year-1) relative to farm A. This 
feed consisted of rice bran and fish meal. Commercial pelleted feed was used for ongrowing fish.  
 
Figure A2. Quantity of different fish feeds used at the two studied farms. 
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Supplementary material A3: Software ‘Defining an ingredient composition for animal feeds 
by computer’ 
The software is developed by the Vietnam National University of Agriculture (VNUA) and 
implemented in Excel. There are three sheets in the excel file. Sheet THUCAN is the database of 
the macronutrient compositions, e.g. metabolized energy (ME), crude protein (CP), crude fiber 
(CF), crude fat, ash, etc. of available feed ingredients on Vietnamese market. The database can 
be modified by the users. Sheet PHOIHOP is the main working sheet (Figure. A3). Firstly, the 
main feed ingredients (maximum of 40 different ingredients), listed on the label of feed packet, 
were selected and assigned a share within a particular range. The minimum mass percentage 
was set to 1% in order to assure that the chosen ingredients were present in the feed formulation. 
The maximum values were set based on the guidelines of the Vietnamese National Institute of 
Animal Husbandry (VCN, 2000). Additionally, metabolized energy (ME) of the feed was set up as 
the criterion, whose value was obtained from the feed packet. The minimum value of metabolized 
energy (ME, kcal) of the feed (from feed packet label) is set as the criterion for running Solver. 
The maximum value of ME is also set equally or around this minimum value. Finally, 
macronutrient compositions (i.e. moisture, protein, lipid, ash) of the feeds, obtained as the 
software outputs, were checked with the information of the feed packet. Finally, sheet KETQUA 
shows the feed composition (% of each ingredients) as the software output.  
 
Figure A3. Overview of inputs and outputs of the software ‘Defining an ingredient composition for animal 
feeds by computer’. ME: metabolized energy, CP: crude protein, CF: crude fiber, DM: dry 
matter. 
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Supplementary material A4: Overviews of nutrient budgets of the two studied farms  
Nutrient budgets of the two studied farms were quantified for organic carbon (C), nitrogen (N) and 
phosphorus (P) and presented in Figures A4, A5 and A6.  
 
Figure A4. Annual organic carbon quantity of all identified flows in the two studied farms 
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Figure A5. Annual nitrogen quantity of all identified flows in the two studied farms 
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Figure A6. Annual phosphorous quantity of all identified flows in the two studied farms 
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Supplementary material A5: Economic benefit estimation 
In the integrated Pig-Fish-Biogas, the substitution of manure or digestate for fish feed, of biogas 
for LPG and the substitution of pond sediment for agricultural fertilizers gained an economic 
benefit estimating of 2296 US$ for farm A and 1715 US$ for farm B. When LPG, fingerling feeds, 
fish feeds and fertilizers have a fluctuated market price, this estimation was based on on-site 
interviewed price to reflect the actual benefit of the studied farms (Table A1). Farm B harvested 
fish and fingerlings; the saving feed amount therefore were allocated to them based on the ratio 
of consumed fingerling feed (375 kg year-1) and fish feed (750 kg year-1) when the price of these 
feeds were different, depending on the protein content.     
Table A1. Estimated economic benefit of the two studied farms (1 US$ = 21,645 Vietnamese Dong) 
Substituted objects Farm A Farm B Interviewed price 
 kg year-1 kg year-1 US$ kg-1 
LPG 869 103 1.27 
Fingerling feed 1377 729 0.79 
Fish feed  1459 0.61 
Urea 194 150 0.38 
Superphosphate 100 250 0.23 
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Supplementary material B1: Inventory results for the studied Pangasius feed and farms 
Table B1. Inventory results for feed production and intensive farming 
FEED 
PRODUCTION 
Foreground system inventory Background 
system inventory Unit F1 to F7a F8b F9 to F12c 
  mean SD   
Feed 
ingredients 
     Following 
Huysveld et al. 
(2013) (Table 3.1) 
and Bosma et al. 
(2011)d 
AGR % 88.6 2.9 Originally 
mentioned 
data b 
Table B3c 
FISH % 6.3 3.0  
ADD % 5.1 2.9  
OTHER       
Water L kg-1 feed 0.02c -  
Originally 
mentioned 
data b 
 
0.02c Ecoinvent v.2.2 
database 
(Frischknecht and 
Rebitzer, 2005) 
Diesel L kg-1 feed 0.04c - 0.04c 
Sea transport Kg*km kg-1 feed 7,107c - 7,107c 
Road transport Kg*km kg-1 feed 60c - 60c 
Electricity kWh kg-1 feed 0.32c - 0.32c Nhu et al. (2015b) 
AGR: Agriculture-based ingredients, i.e. by-products originating from crop cultivation (rice bran, soybean 
meal, etc.) and farmed livestock production (e.g. poultry meal) 
FISH: fish-based ingredients (i.e. fishmeal, fish oil)  
ADD: additives (e.g. vitamins, minerals, etc.) 
OTHER: other inputs of feed production, except feed ingredients. 
 
FARMING Foreground system inventory Background 
system inventory   CF1 to 
CF10a 
NF1 to NF3a NF4 to 
NF7b 
NF8 to 
NF10d 
 Unit mean SD mean SD  mean SD 
Water 
input 
m3 t-1 
fish 
2,903 1368 4,645 614  3,843 2149 50 MJ m-3 
(CEENE v.2007 
(Dewulf et al., 
2007)) 
Rainfalle m3 t-1 
fish 
31.4 9.3 31.4 2.5  
 
 
 
Originally 
mentioned 
data b 
52.6 14.4 
Land 
occupation 
m2*yr  
t-1 fish 
21.9 6.7 20.9 1.7 35.0 9.6 41.2 MJ m-2 year-1 
for Vietnam 
(CEENE v.2013 
(Alvarenga et al., 
2013)) 
Feed input kg t-1 
fish 
1,560 142 1,659 55 1,837 61 Feed production  
Limestone kg t-1 
fish 
10.9 6.6 5.4 6.3 5.2c - Ecoinvent v.2.2 
database 
(Frischknecht and 
Rebitzer, 2005) 
Chemicals  kg t-1 
fish 
0.6 0.6 0.6 0.6 0.8c - 
Diesel kg t-1 
fish 
0.9 0.6 0 0 4.2c - 
Transport T*km  
t-1 fish  
100c - 100c - 100c - 
Electricity kWh  
t-1 fish 
52.7 68.7 0.7 0.4 41c - Nhu et al. (2015b) 
a The survey in 2013 
b Huysveld et al. (2013) (data were supplied enough under the condition of anonymity) 
c Bosma et al. (2011) 
d Land occupation (m2 year kg-1) of the production processes of agriculture-based inputs was calculated by 
the average 10-year (2003-2012) data of crop productivity (kg ha-1 year-1) (FAOSTAT, 2016). 
e van der Heijden et al. (2012). Amount (tonne) of feed used in these farms to increase one tonne live-weight 
fish biomass was calculated based on the reported FCR and the dry matter content of 90% for Pangasius 
feeds (Bosma et al., 2011). Their feed (Fa) had a composition equal to the average one of 7 feeds F1 to F7. 
f World Bank group (2016). 
Supplementary material B2: Multiple linear regression model for Pangasius feeds  
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B2.1 Constructed models for predicting Yf based on predictors (Xf): AGR, FISH, ADD 
The resource footprint of Pangasius feeds (Yf) can be estimated based on three other predictor 
variables (Xf): agriculture-based feed ingredients (including by-products of crop cultivation and 
farm-livestock production, AGR), fish-based ingredients (fishmeal, fish oil, FISH), additives 
(vitamins, minerals, etc. ADD). 
Normal distribution test for predictor variables Xf (AGR, FISH, ADD) and Yf: We tested the 
null hypothesis that the data originates from a normal distribution, against the alternative that it 
does not come from such a distribution, using a Lilliefors test (Lilliefors, 1967). All p-value are 
larger then 0.05, implying there was not enough evidence to reject the null hypothesis. Yf and Xf 
(AGR, FISH, ADD) hence are considered to follow a normal distribution.  
Table B2. Results of normality test for Xf (AGR, FISH, ADD) and Yf, n = 12 feeds (F1 to F12) 
Variable p-value Test statistic Critical value 
Yf = CEENEFEED - 10 0.5 0.15439 
0.2418 
Xf1 = AGR 0.046283 0.24386   
Xf2 = FISH 0.066487 0.23406 
Xf3 = ADD 0.10527 0.22083 
 
Collinearity test for Xf (AGR, FISH, ADD): Collinearity was checked among predictor variables 
for both models by building regression model to predict one predictor variable from others. These 
results indicated that there is collinearity between predictors (Table B3) which show proportional 
of variance of AGR and FISH higher than 0.5 in the last row of Table B3, the one with the highest 
condition index. 
Table B3. Collinearity test for Xf (AGR, FISH, ADD), n = 12 feeds (F1 to F12)   
Condition index (CI) Proportional of variance (PV) 
 AGR FISH ADD 
1 0.0335 0.045 0.0538 
2.1889 0.0021 0.2851 0.5026 
4.278 0.9644 0.6699 0.4436 
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Constructed MLR models for Pangasius feeds, n = 12 feeds (F1 to F12) 
All 14 MRL models constructed based on the data set of 12 feeds obtained low R2 values (<0.5) (Table B4); 
outlier detection would therefore be essential. 
Table B4. Constructed models for predicting the cumulative resource footprint of Pangasius feeds (Yf) based 
on predictors (Xf) AGR, FISH, ADD, n = 12 feeds (F1 to F12)  
Model 
number 
Predictor coefficient and p-value R2 F 
Intercept AGR FISH ADD   
Mf1 946.5 -857.7 -885.9 -858.2 0.11 0.81 
 
p = 0.8 p = 0.8 p = 0.8 p = 0.8   
Mf2 62.7 27.1 X X 0.09 0.35 
 
p = 0.0 p = 0.4     
Mf3 88.9 X -27.5 X 0.10 0.32 
 
p = 0.0  p = 0.3    
Mf4 85.8 X X 12.6 0.00 0.83 
 
p = 0.0   p = 0.8   
Mf5 82.1 7.1 -21.6 X 0.10 0.62 
 
p = 0.2 p = 0.9 p = 0.7    
Mf6 89.3 X -28.7 -7.3 0.10 0.62 
 
p = 0.0  p = 0.4 p = 0.9   
Mf7 60.6 28.7 X 21.2 0.10 0.62 
 
p = 0.0 p = 0.4  p = 0.7   
Mf8 X 89.3 60.6 81.3 0.10 0.80 
 
 p = 0.0 p = 0.0 p = 0.2   
Mf9 X 99.0 X X 0.43 0.01 
 
 p = 0.0     
Mf10 X X 614.6 X 0.48 0.01 
 
  p = 0.0    
Mf11 X X  1 424.8 0.50 0.01 
 
   p = 0.0   
Mf12 X 93.3 52.8 X 0.22 0.28 
 
 p = 0.0 p = 0.1    
Mf13 X X 448.2 840.8 0.48 0.04 
 
  p = 0.0 p = 0.0   
Mf14 X 97.0 X 51.8 0.43 0.06 
 
 p = 0.0  p = 0.5   
X refers to the case of no intercept or omitted predictor variables in the regression models. 
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Detection of outliers in Xf (AGR, FISH, ADD) and Yf: Potential outliers in Xf (AGR, FISH, ADD) 
and Yf were detected as follows (Table B5): 
i. Outlier test with 12 feeds: F1 to F12 
ii. Outlier test with 11 feeds, excluding F12, the feed was detected as the outlier in (i), 
iii. Outlier test with 10 feeds, excluding F12 and F11, the feeds were detected as the outliers 
in (i) and (ii), respectively. 
Each of detected potential outliers were sequentially removed from the data set and regression 
models were build following the method mentioned in Section 3.2.2 ‘Simplification’. The results 
showed that a removal of F11 and F12 considerably improved the R-squared value (R2) of 
constructed models (Table B6) while a removal of F1 or F8 showed no significant change in R2. 
Table B5. Detection of outliers in Xf (AGR, FISH, ADD) and Yf   
 12 feeds F1 to F12 11 feeds, excl. F12 
10 feeds, excl. F11 and 
F12 
 D t D t D t 
F1 2.55 2.84* 2.94* 2.41 1.23 1.10 
F2 0.06 1.40 0.01 0.43 0.29 1.95 
F3 0.03 0.96 0.02 0.83 0.03 0.88 
F4 0.02 0.86 0.03 1.07 0.06 1.57 
F5 0.02 0.93 0.02 0.79 0.02 0.80 
F6 0.06 1.35 0.04 0.83 0.02 0.46 
F7 0.00 0.23 0.00 0.16 0.07 1.41 
F8 0.41 0.83 0.31 0.62 2.55* 1.81 
F9 0.01 0.40 0.10 0.95 0.00 0.08 
F10 0.05 0.83 0.05 0.62 0.44 1.81 
F11 0.21 1.70 0.74 3.02* X X 
F12 4.52* 2.43 X X X X 
* indicates potential outliers in data of corresponded farm. D = Cook’s distance (Kutner et al., 2013), t = 
studentized residual (Stevens, 1984). X indicates the removed feeds. 
Linear association between Yf and Xf (AGR, FISH, ADD), n = 10 feeds (F1 to F10) 
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Figure B1. Linearly association between the responder Yf (expressed in GJ tonne-1 feed) and the predictor 
variables Xf (AGR, FISH and ADD, expressed in mass percentage), n = 10 feeds (F1 to F10). 
R: correlation coefficient between Yf and Xf. 
 
Constructed MLR models for Pangasius feeds, n = 10 feeds (F1 to F10) 
Comparison of the constructed models (Table B6) showed that multi-collinearity did play a 
significant role in models Mf1, Mf5 and Mf7 having p-values >> 0.05, although it would not reduce 
the fitting quality of the these models (R2 ≥ 0.9) (Kutner et al., 2013). Based on the criteria defined 
above, it can be seen that models Mf2, Mf6, Mf8 would be good candidates for model selection 
because of (i) the rather high R2 (R2 ≥ 0.9); (ii) p-values << 0.05; and (iii) the F-statistic << 0.05 
(Section 3.2.2 ‘Simplification’). On the basis of the acquired knowledge from identifying the 
aforementioned hotspots, agriculture-based ingredients (AGR), i.e. by-products originating from 
crop cultivation and farmed livestock production, were of primary importance for feed ingredients 
and the CEENEFEED. Models Mf2 and Mf8 were therefore selected as the final employed models 
because model Mf6 omitted this important predictor (AGR).  The responder Yf accounted for the 
CEENE of feed ingredients only (section 3.3.2.1). Consequently, the CEENEFEED could be 
predicted as equations Eq. (3.2), (3.3) (Table 3.1), which included the contribution of other inputs 
(i.e. inputs of milling and transport), i.e. on average 10 GJ tonne-1 feed. 
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Table B6. Constructed models for predicting the cumulative resource footprint of Pangasius feeds (Yf) based 
on predictors (Xf) AGR, FISH, ADD, n = 10 feeds (F1 to F10)  
Model  
number 
Predictor coefficient and p-value R2 F 
Intercept AGR FISH ADD   
Mf1 
-573.8 683.4 492.7 493.7 
0.91 0.00 
p = 0.7 p = 0.6 p = 0.7 p = 0.7 
Mf2 
-80.4 189.9 X X 
0.90 0.00 
p = 0.0 p = 0.0   
Mf3 
94.1 X -87.7 X 
0.38 0.06 
p = 0.0  p = 0.1  
Mf4 
87.4 X X -13.2 
0.01 0.84 
p = 0.0   p = 0.8 
Mf5 
-75.1 185.0 -5.5 X 
0.91 0.00 
p = 0.0 p = 0.0 p = 0.8  
Mf6 
109.2 X -190.3 -182.9 
0.90 0.00 
p = 0.0  p = 0.0 p = 0.0 
Mf7 
-81.2 190.6 X 5.6 
0.91 0.00 
p = 0.0 p = 0.0  p = 0.8 
Mf8 
X 109.3 -81.1 -74.7 
0.90 0.00 
 p = 0.0 p = 0.0 p = 0.0 
Mf9 
X 98.7 X X 
0.45 0.03 
 0.0   
Mf10 
X X 847.3 X 
0.46 0.02 
  p = 0.0  
Mf11 
X X X 1373.6 
0.49 0.02 
   p = 0.0 
Mf12 
X 102.8 -44.3 X 
0.74 0.00 
 p = 0.0 p = 0.1  
Mf13 
X X 646.2 775.6 
0.39 0.14 
  p = 0.00 p = 0.01 
Mf14 
X 99.0 X -6.5 
0.45 0.09 
 p = 0.0  p = 0.9 
X refers to the case of no intercept or omitted predictor variables in the regression models. 
 
B2.2 Constructed models for predicting Yf based on predictors Xf: CROP, ANI and ADD 
The resource footprint of Pangasius feeds (Yf) can be estimated based on three other predictor 
variables (Xf): crop-based (i.e. ingredients originating from crop cultivation, CROP), animal-based 
(i.e. ingredients originating from farmed livestock, aquaculture, and fishery, ANI) and additives 
(i.e. vitamins, minerals, premix, ADD). Such classification of feed ingredients was based on the 
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viewpoint of trophic levels. The models for predicting Yf based on Xf of CROP, ANI and ADD was 
constructed by similar methods applied on Xf of AGR, FISH and ADD (see Section 3.3.2.1 'Feed 
production MLR’ and Supplementary material B1). 
 
Table B7. Constructed models for predicting the cumulative resource footprint of Pangasius feeds (Yf) based 
on predictors Xf (CROP, ANI and ADD), n = 10 feeds (F1 to F10)  
Model  
number 
Predictor coefficient and p-value 
R2 F 
Intercept CROP ANI ADD 
Mf1 793.6 -682.9  -883.8 -879.3  0.926 0.001 
p = 0.534  p = 0.591  p = 0.491  p = 0.489  
Mf2 -88.3 199.1  X X 0.919 0.000 
p = 0.001  p = 0.000    
Mf3 93.8  X -82.7  X 0.348 0.073 
p = 0.000   p = 0.073   
Mf4 87.4  X X -13.2  0.005 0.839 
p = 0.000    0.839  
Mf5 -91.6  202.6  3.7  X 0.920 0.000 
p = 0.010  p = 0.000  p = 0.855   
Mf6 110.9  X -199.6 -201.6  0.922 0.000 
p = 0.000   p = 0.000  p = 0.000  
Mf7 -87.9 198.9 X -3.9  0.920 0.000 
p = 0.003  p = 0.000   p = 0.845  
Mf8 X 111.0 -88.4  -91.4  0.921 0.000 
 p = 0.000  p = 0.003  p = 0.010  
Mf9 X 98.9  X X 0.420 0.031 
 p = 0.000    
Mf10 X X 834.8  X 0.459 0.022 
  p = 0.000   
Mf11 X X X 1373.5 0.495 0.016 
   p = 0.007 
Mf12 X 102.759  -41.395  X 0.702 0.008 
 p = 0.000  p = 0.101   
Mf13 X X 638.541  781.413  0.381 0.147 
  p = 0.000  p = 0.004  
Mf14 X 99.359  X -11.618  0.433 0.103 
 p = 0.000   p = 0.749 
X refers to the case of no intercept or omitted predictor variables in the regression models. 
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The cumulative resource footprint of Pangasius feeds (CEENEFEED) could be predicted by Eq. 
(S1) or Eq (S2), corresponding to models Mf2 and Mf8, respectively.  
CEENEFEED = Yf + 10 = -78.3 + 199.118 x CROP (Eq. S1) 
CEENEFEED = Yf + 10 = 111.0 x CROP - 88.4 x ANI - 91.4 x ADD + 10 (Eq. S2) 
with: CEENEFEED: GJ tonne-1 feed, CROP, ANI, ADD: mass percentage (%) 
 
B2.3 Correlation between the calculated CEENEFEED (obtained from the LCAs) and the 
predicted CEENEFEED (obtained from MLR equations) 
 
 
 
 
Figure B2. Calculated values (●, obtained from LCAs) and the predicted values (-, obtained from equations 
(3.3.2), (3.3.3), (S1) and (S2)) for 12 studied Pangasius feeds. The shade represents the 95% 
confidence interval of the predicted values (GJ tonne-1 feed). Feeds F11 and F12 were identified 
as the outliers, resulting in a deviation of the calculated values from the shade.   
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Supplementary material B3: Multiple linear regression for intensive Pangasius farming 
Normal distribution and collinearity test for Xp (eFCR and water input) and Yp 
The null hypothesis is that the data comes from a distribution in the normal family was tested, 
against the alternative that it does not come from such a distribution, using a Lilliefors test. All p-
value > 0.05 meaning there was not enough evident to reject the hypothesis. Yp and Xp (eFCR 
and water input) followed a normal distribution. 
Table B8. Results of normal distribution test for Xp (eFCR and water input) and Yp, n = 20 farms 
Variable p-value Test statistic Critical value 
Yp = CEENEFARM 0.10926 0.17414 
0.192 Xf1 = eFCR 0.11071 0.17382 
Xf2 = water input 0.10185 0.17585 
Collinearity was checked among predictor variables (eFCR and water input) for both models by 
building regression model to predict one predictor variable from others. These results indicated 
that there is collinearity between predictors (Table B3) which show proportional of variance of 
eFCR and water input close to 1 in last row with highest condition index. 
Table B9. Results of collinearity diagnostics for Xp (eFCR and water input), n = 20 farms 
Condition index eFCR Water input 
1 0.0515 0.0515 
4.2899 0.9485 0.9485 
 
Linear association between Yp and Xp (eFCR and water input), n = 20 farms 
 
Figure B3. Linear association between the responder Yp (CEENEFARM, expressed in GJ tonne-1 Pangasius) 
and the predictor variables Xp (eFCR and water input, expressed in tonne feed used and m3 
per tonne Pangasius, respectively), n = 20 farms. R refers to the correlation coefficient between 
Yp and Xp. 
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Constructed MLR models for Pangasius farms, n = 20 farms 
Table B10. Constructed model for predicting the cumulative resource footprint (CEENEFARM) of non-certified 
(NF) and certified (CF) Pangasius farms, n = 10 NFs and 10 CFs 
Cases 
 
 
Model number 
 
 
Intercept 
 
 
eFCR 
tonne wet-weight feed 
tonne-1 Pangasius 
water input 
m3                 
tonne-1 Pangasius 
R2 
 
 
F 
 
 
Combined 
NFs and 
CFs 
Mp1 
 
-4.766  104.077  0.050  0.992 0.00 
p = 0.84  p = 0.00  p = 0.00  
Mp2 
 
-296.835  377.540  X 0.371 0.00 
p = 0.13  p = 0.00   
Mp3 
 
149.626  X 0.055  0.970 
 
0.00 
 p = 0.00   p = 0.00  
Mp4 
 
X 100.963  0.050  0.992 0.00 
 p = 0.00 p = 0.00  
Mp5 
 
X 194.995 X 0.122 0.12 
 p = 0.00   
Mp6 
 
X X 0.094  0.818 0.00 
  p = 0.00  
Non-
certified 
farms 
(NFs) 
Mp7 -2.582  100.761  0.051  0.996 0.00 
 p = 0.95 p = 0.00  p = 0.00    
Mp8 -531.516  511.335  X 0.416 0.04 
 p = 0.18  p = 0.04     
Mp9 153.330  X 0.055  0.985 0.00 
 p = 0.00   p = 0.00    
Mp10 X 99.122 0.051  0.996 0.00 
  p = 0.00  p = 0.00    
Mp11 X 194.392 X 0.076 0.41 
  p = 0.00     
Mp12 X X 0.092  0.824 0.00 
   p = 0.00    
Certified 
farms 
(CFs) 
Mp13 -9.299  110.865  0.048  0.985 0.00 
 p = 0.82  p = 0.01  p = 0.00    
Mp14 -206.156  326.852  X 0.381 0.06 
 p = 0.40  p = 0.06     
Mp15 148.126  X 0.054  0.951 0.00 
 p = 0.00   p = 0.00   
Mp16 X 104.583  0.048  0.985 0.00 
  p = 0.00 p = 0.00    
Mp17 X 195.683  X 0.168 0.21 
  p = 0.00    
Mp18 X X 0.096  0.805 0.00 
   p = 0.00    
 
X refers to the case of no intercept or omitted predictor variables in the regression models. 
 
As can be seen from the Table B10, there is no significant differences among adequate models 
of the three cases (i.e. NF and CF in separated and their grouping); this suggested the similar 
trend in linear association of feed and water inputs with the resource footprint in both NFs and 
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CFs. Models Mp1, Mp7 and Mp13 showed a very good fit with the outcomes but contained 
statistical insignificant regression coefficients (p-value > 0.05) because strong multi-collinearity 
severely influenced the p-value (with similar reasons explained in Section 3.6.3). The models 
Mp3, Mp4, Mp9, Mp10, Mp15 and Mp16 were reported to be adequate in term of both R2 ≥ 0.95, 
F-statistic << 0.05 and p-value << 0.05. The models Mp3 and Mp4 (which was built on data of 
both CFs and NFs) were helpful enough to explain more than 98% of the variances in the resource 
use of both NFs and CFs based on available data; however, model Mp4 was selected as best 
candidates to predict the CEENEFARM for intensive Pangasius farming while it raised the role 
importance of both feed (i.e. eFCR) and water inputs to the CEENEFARM. With a similar reason, 
model Mp10 and Mp16 were favourable for an application. The cumulative resource extraction 
(CEENEFARM) of NFs and CFs in separated and of grouping these farms could be predicted by 
Eq. (3.4), (3.5) and (3.6) (Table 3.1). 
Correlation between the calculated CEENEFARM (obtained from the LCAs) and the predicted 
CEENEFARM (obtained from MLR equations) 
  
 
 
Figure B4. Calculated values (●, obtained from LCAs) and the predicted values (-, obtained from equations 
(3.4) to (3.7)) for 10 certified (CF) and 10 non-certified (NF) farms. The shade representing the 
95% confidence interval of the predicted values (GJ tonne-1 fish) is not visible because of a very 
high R2 of equations (3.4) to (3.7), which then led to very narrow confidence intervals of the 
predicted values.
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Appendix C:  Supplementary Material Chapter 4 
Supplementary material C1: Additional information on life cycle inventory 
Supplementary material C2: Updated resource use profile over cradle-to-farm gate life cycle of 
Pangasius aquaculture in 
Supplementary material C3: Resource use profile of Pangasius fillet products in economic 
allocation approach 
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Supplementary material C1: Additional information on life cycle inventory 
Detailed information of all identified flows in processing systems of frozen fillets and MAP fillets, 
of which data is collected, is presented in Figure C1.  
 
Figure C1. Overview of identified flows in Vietnamese and Belgian processing systems, of which data is 
collected. 
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Supplementary material C2: Updated cradle-to-farm gate resource footprint of Pangasius 
aquaculture in Vietnam  
The new CEENE input per tonne of living fish (242 GJ) primarily originated from the feed input 
(67%) and water renewal at farm (27%). Land resource accounts for the largest share (53%), 
followed by water (39%), fossil fuels (5%) and renewable (2%) resources (Figure C2). 
 
Figure. C2. Updated resource footprint over a cradle-to-farm gate life cycle of Pangasius aquaculture in 
Vietnam. 
 
Supplementary material C3: Resource use at life cycle level based on economic allocation 
approach 
Allocation based on the mass-weighted economic value of frozen fillets and by-products is also 
performed in this case study. Economic allocation was only feasible at plant level due to 
unavailable data on prices of intermediate flows at process level. The CEENE from cradle to 
Vietnamese factory gate including aquaculture is 3515 GJ FU-1, allocated to frozen fillets, 
fishmeal, fish oil and extra parts (stomach, bladder and skeleton) with an economic share of 75%, 
13.5%, 11.1% and 0.4%, respectively. In this approach, CDP for fish oil (23.4%) is the largest, 
followed by the CDP for stomach and bladder (14.0%), fishmeal (9.2%) and frozen fillets (0.9%).  
Regarding MAP Pangasius footprint, the CEENE value in a cradle-to-plant gate life cycle in 
economic allocation is 2693 GJ FU-1, corresponding to a CDP of 0.9% (Figure. C3). Vietnamese 
and Belgian processing account for 4% and 2%, respectively, whereas aquaculture, including 
feed production, hatcheries and fish cultivation, contributes up to 93% of the total CEENE, 
resulting in an increased importance of water (37%) and land (50%) resources compared to fossil 
fuel resource (9%).  
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Figure C3. Overall resource footprint of Pangasius in modified atmosphere packaging (MAP) based on 
economic allocation over the life cycle stages: feed production, juvenile production, fish 
cultivation, Vietnamese processing, oversea transport and Belgian processing 
The choice between economic or exergy values for allocation can be heavily debated since the 
price of frozen fillets is double that of fishmeal and fish oil. The choice for allocation based on 
exergy contents, a physical unit, is preferred in the ISO guidelines than economic units (ISO, 
2006b). Moreover, the exergy values are consistent while the economic values exhibit high 
variability over time, particularly in the case of the Pangasius frozen fillets, which price per 
kilogram has considerably fluctuated in the EU and US recently (Cuyvers and Binh, 2008). 
Additionally, valorisation of Pangasius by-products has attracted more attentions. The volumes 
of fishmeal and fish oil from trimming are likely to grow as the processing becomes increasingly 
viable (FAO, 2012). Pangasius oil has been brought forward as a great alternative feedstock to 
produce biodiesel. Compared to petroleum diesel, this renewable fuel reduces emissions by 41% 
CO, 78% CO2, 55% PM, 80% PAHs, 90% nitro-polycyclic aromatic hydrocarbons (NPAHs) and 
100% sulphates (Enerfish, 2009). Several studies on Pangasius skin concluded that this material 
is well fitted as feedstock to produce high-quality collagen (Jamilah et al., 2011; Le, 2010; Singh 
et al., 2011; Tran et al., 2012). The extent of applications of Pangasius by-products in various 
industries will give the by-product valorisation a higher economic benefit. Exergy content, a 
physical property, however, is preferred in this case study.  
Overall, both allocation choices, exergy content and economic value identify aquaculture as the 
hotspot of the cradle-to-factory gate life cycle of Pangasius fillet products, and suggest that more 
room for improvements is possible for frozen fillet production than for by-product valorisation due 
to a lower CDP value. 
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Appendix D:  Supplementary Material Chapter 5 
Supplementary material D1: Overview of characteristics and life cycle inventory of the studied 
systems 
Supplementary material D2: Horizontal averaging of unit process data (including estimates for 
uncertainty) for the foreground systems: feed production and fish farming 
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Supplementary material D1 
Table D1. Overview of key parameters considered for Pangasius pond farming in the ASC standard scheme and inventoried in the foreground system of the study  
Criteria Indicators               ASC certification scheme This study 
  Guidelines Limit value  
Quantitative     
Water use    Total water abstracted  Annex D (ASC, 2012) ≤ 5,000 m3/tonne fish X 
Nutrient utilization 
efficiency 
Amount of TP discharge  Annex D (ASC, 2012) ≤ 7.2 kg/tonne fish X 
Amount of TN discharge  Annex D (ASC, 2012) ≤ 27.5 kg/tonne fish X 
Water quality in 
receiving water 
body 
Percentage change in diurnal dissolved oxygen (DO) of receiving 
waters relative to DO at saturation for the water’s specific salinity and 
temperature 
Annex D (ASC, 2012) 
 
≤ 65%  
 
X 
Quality of pond 
effluents 
Change of TP between inlet and outlet Annex D (ASC, 2012) 
 
≤ 100%  
Change of TN between inlet and outlet Annex D (ASC, 2012) 
 
≤ 70%  
Dissolved oxygen (DO) concentration in water discharged Annex D (ASC, 2012) ≥ 3 mg/L  
Feed use Weighted-average of economic Feed Conversion Ratio (eFCR) for 
the complete production cycle 
Annex D (ASC, 2012) ≤ 1.68 
tonne feed/tonne fish 
X 
Fish Feed Equivalence Ratio (FFER) Annex D (ASC, 2012) ≤ 0.5 X 
Mortalities Average real percentage mortality, from stocking to harvest, during 
the grow-out period 
 ≤ 20%  
Fish welfare Average growth rate - ≥ 3.85 g day-1 fish-1  
Fish density at any time for ponds - ≤ 38 kg m-2  
Energy 
consumption 
Fuel used 
Electricity used 
Information available on 
quantity used 
- X 
Qualitative   ASC (2012); Belton et al. (2011); Bush et al. (2009)  
X represents indicators (included in the inventory), for which the quantity used was surveyed or measured on-site throughout production.  
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Table D2. Life cycle inventory sources for production/processing of feed production and farming in Bosma et al. (2011), Huysveld et al. (2013) and in this study 
 Bosma et al. (2011) Huysveld et al. (2013) This study 
 Origins Data source Origins Data source Origins Data source 
FEED       
Soybean meal Vietnam,  
India, USA, 
Argentina, Brazil 
Ecoinvent 2.0  
& LCA Food  
India, Argentina 
and USA 
Ecoinvent: soybean meal, 
at oil mill/US 
Argentina (50%),  
lndia (28%),  
Brazil (12%), 
USA (5%) a 
Ecoinvent: soybean meal, at oil 
meal/BR and at oil meal/US.  
Adaptation: arable land 
occupation c  
Rice bran 
Rice meal 
Broken rice 
Vietnam, 
Thailand, India 
Rice farming in the Mekong 
Delta (assume: 10% rice 
bran, 3% rice meal and 9% 
broken rice) 
Vietnam Bosma et al. (2011) 
Chapagain and Hoekstra 
(2011): data on irrigation 
Vietnam Henriksson et al. (2015b) 
Adaptation: arable land 
occupation c  
Tapioca Vietnam, China, 
India 
Ecoinvent 2.0  
 
- - Vietnama Henriksson et al. (2015b) 
Adaptation: arable land 
occupation c 
Wheat 
Wheat bran 
China, India, 
Germany 
Ecoinvent 2.0  
 
Australia, 
Romania and 
Ukraine 
Ecoinvent 2.1 (wheat 
grains conventional, 
Saxony-Anhalt, at 
farm/DE) 
Australiaa Wheat farming: Henriksson et al. 
(2015b). Adaptation: arable land 
occupation c 
Milling: van Zeist et al. (2012) 
Poultry meal - - Italy and USA Pelletier et al. (2006) Italy and USA Pelletier et al. (2006) 
Fish meal Vietnam, 
Indonesia, India, 
Myanmar 
Ecoinvent 2.0 & LCA Food Vietnam Pelletier et al. (2006) 
Peruvian anchoveta 
reduction fishery. 
66% domestic  
34% import (PE) b 
Domestic: Henriksson et al. 
(2015b) 
Import: Freon et al. (2014) 
Fish oil Vietnam, China Ecoinvent 2.0 & LCA Food  Pelletier et al. (2006) 100% imported (PE) Freon et al. (2014) 
Additives, 
inorganic 
- Ecoinvent 2.0 (pesticide 
production) 
- Ecoinvent: chemicals 
organic, at plant/GLO 
Global Ecoinvent: chemicals organic, at 
plant/GLO 
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 Bosma et al. (2011) Huysveld et al. (2013) This study 
 Origins Data source Origins Data source Origins Data source 
Additives, 
organic 
- Ecoinvent 2.0 (pesticide 
production) 
- Ecoinvent: chemicals 
inorganic, at plant/GLO 
Global Ecoinvent: chemicals inorganic, at 
plant/GLO 
Milling inputs Survey  Survey  Horizontal averaging from Bosma et al. (2011), Huysveld 
et al. (2013), Henriksson et al. (2015b) 
Transport Estimation 7,107 km sea transport 
60 km road transport 
GPS  GPS  
FARMING       
Water input  
and nutrient 
emissions 
Estimated based on daily water exchange rates 
and nutrient balances 
Survey (measured) Survey (measured) 
Electricity Vietnam Power plants: Norwegian 
model (Ecoinvent 2.0) 
Vietnamese electricity 
supply: Anon (2007) (hydro-
powered 20%, diesel 50%, 
gas 12%, coal 18%) 
Vietnam Power plants: Czech 
model (Ecoinvent 2.1) 
Vietnamese electricity 
supply: IEA report (2008) e 
Vietnam Power plants: UCTE model d 
(Ecoinvent 2.2) 
Vietnamese electricity supply: IEA 
report (2009-2013) e: hydro-
powered 39%, gas 39%, coal 20% 
and oil 2% 
Other flows (see 
Supplementary 
material. D2) 
Survey  Survey  Survey  
ALLOCATION Mass  Exergy content  Exergy content, mass, economic 
a Trade flow reported in the period 2009-2013 by FAO (FAOSTAT, 2016). 
b Trade flow derived from Henriksson et al. (2015b) 
c Arable land occupation (m2*year kg-1 crop) calculated from the crop production reported in the period 2009-2013 by FAO (FAOSTAT, 2016). 
d Frischknecht et al. (2007) 
e IEA (2016)
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Table D3. Overview of basic characteristics of the studied intensive monoculture pond systems, including 
certified (c1) and non-certified (n1, n2, n3) farms 
 Group c1* Group n1** Group n2** Group n3** 
Location Mekong Delta Mekong Delta Mekong Delta Mekong Delta 
Scale Large scale Large scale Small, medium and 
large scales 
None reported 
Market Export Export  
+ local market 
Export  
+ local market 
Export  
+ local market 
Fish yield 
(t ha-1 year-1) 
573 ± 215  522 ± 99  
 
No reported  427 ± 273 
Pond area (ha)  12.3 ± 6.4 ha 6.0 ± 6.7 ha 3.4 ha 3.4 ± 3.0 ha 
Types of feed Commercial pellets Commercial pellets Commercial pellets 
Home-made feeds 
Commercial 
pellets 
eFCR 1.56 1.67 1.82 1.86  
* The ASC-certified farms (c1) were selected from Nhu et al. (2016).  
** The non-ASC certified farms: n1 was selected from Nhu et al. (2016), n2 from Henriksson et al. (2015b) 
and n3 from Bosma et al. (2011).   
 
Table D4. The main differences in the primary data of the 3 non-certified groups (n1, n2 and n3) 
Differences Group n1 Group n2 Group n3 
The timing of 
survey 
2013 2010-2012 2008-2009 
Data 
characteristics 
Used only commercial pellet 
feeds. 
Used both farm-made 
and commercial feeds, 
which are significantly 
different in their feed 
composition. 
Used only commercial 
pellet feeds. 
 Water input data were 
measured throughout 
production. 
No water input data 
were reported. 
Water input data were 
estimated based on daily 
water exchange rates and 
group nutrient balances 
(n3).  
 Nutrient release through 
wastewater was measured 
or surveyed based on actual 
production.  
Nutrient release through 
wastewater was 
measured or surveyed 
based on actual 
production. 
Nutrient release through 
wastewater was estimated 
based on daily water 
exchange rates and 
nutrient balances. 
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Figure. D1. Contribution of inputs during the farming stage to the considered resource- and emissions-
related categories for one tonne of Pangasius produced on the non-ASC certified farms (n2 and 
n4), using exergy allocation. The considered flows included hatchery, feed input and grow-out 
farming (i.e. water input, land area, chemicals, fossil fuels, electricity, nutrient emission and 
transport). Farms n2 (212 farms) and n4 (4 farms) came from Henriksson et al. (2015b) and 
Huysveld et al. (2013), respectively. The water input and land area of n2 were derived from the 
non-certified farms (n1) (Nhu et al., 2016).  
  
0%
25%
50%
75%
100%
W
R
n
2
W
R
n
4
L
R
n
2
L
R
n
4
T
R
n
2
T
R
n
4
G
W
n
2
G
W
n
4
A
C
n
2
A
C
n
4
F
E
n
2
F
E
n
4
M
E
n
2
M
E
n
4
V
a
lu
e
s
 n
o
rm
a
liz
e
d
 t
o
 t
h
e
 m
e
d
ia
n
 
o
f 
th
e
 A
S
C
s
 (
c
1
) 
a
t 
e
a
c
h
 c
a
te
g
o
ry
Transport Electricity Chemicals
Fossil fuels Emissions Water input
Land area Feed input Hatchery
WR: water resources
LR: land resources
TR: total resources
GW: global warming
AC: acidification
FE: freshwater 
eutrophication
ME: marine eutrophication
Appendix 
 
181 
 
 
(a) Mass allocation 
 
 
(b) Economic allocation 
 
Figure. D2. Contribution of inputs during the farming stage to the considered resource- and emissions-
related categories for one tonne of Pangasius produced on the studied ASC-certified (c1) and 
non-ASC certified (NFs) farms, using (a) mass and (b) economic allocation. The values were 
normalised to the median values of the ASCs (c1) in each category. The ASC-certified farms 
(c1) were selected from Nhu et al. (2016). The non-ASC certified farms: n1 was selected from 
Nhu et al. (2016), n2 from Henriksson et al. (2015b) and n3 from Bosma et al. (2011).  Hatchery 
and nutrient loss through sediment were excluded. 
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(a) Mass allocation 
 
 
(b) Economic allocation 
 
Figure. D3. Contribution of inputs to feed production in the considered resource- and emissions-related 
categories for one tonne of average Pangasius feeds (for all studied commercial feeds), using 
(a) mass and (b) economic allocations. The values were normalised to the median values of the 
average feed ‘fc1’ used in the ASC-certified farms in each category. Feed fc1: the average feed 
used on the ASC-certified farms (c1) from Nhu et al. (2016). Feeds fn1, fn2 and fn3: the average 
feeds used on the non-ASC certified farms (NFs), including n1 from Nhu et al. (2016), n2 from 
Henriksson et al. (2015b) and n3 from Bosma et al. (2011), respectively.   
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(a1) ASC-c1 versus NF-n1 
 
(b1) ASC-c1 versus NF-n1 
 
  
(a2) ASC-c1 versus NF-n2 
 
(b2) ASC-c1 versus NF-n2 
  
(a3) ASC-c1 versus NF-n3 (b3) ASC-c1 versus NF-n3 
 
Figure. D4. Cradle-to-gate environmental impact of one tonne of Pangasius produced at the ASC-certified 
(ASC-c1) and non-ASC certified (NF-n1, n2, n3) systems through mass allocation, including LCI 
uncertainty at a confidence interval of 95%. (a) The values were normalised to the median 
values of the ASCs (c1) in each category. Indicators include the median, the 25th and 75th 
percentiles (box), and the 10th and 90th percentiles (whiskers). (b) Decision confidence 
probability (µ) of comparing the impact between the 2 systems. The ASC-certified farms (c1) 
came from Nhu et al. (2016). The non-ASC certified farms: n1 came from Nhu et al. (2016), n2 
came from Henriksson et al. (2015b) and n3 came from Bosma et al. (2011). X refers to p-value 
< 0.05, obtained from the statistical test, indicating that XASC and XNF were significantly 
different, 0 refers to the opposite. Keep in mind that (*) the data on water input of n2 came from 
n1 (see Supplementary material. D2), (**) the data on water input and accumulated nutrient 
discharges of n3 were estimated through daily water exchange rates and nutrient balances. 
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(a1) ASC-c1 versus NF-n1 
 
(b1) ASC-c1 versus NF-n1 
  
(a2) ASC-c1 versus NF-n2 
 
(b2) ASC-c1 versus NF-n2 
  
(a3) ASC-c1 versus NF-n3 
 
(b3) ASC-c1 versus NF-n3 
Figure D5. Cradle-to-gate environmental impact of one tonne of Pangasius produced at the ASC-certified 
(ASC-c1) and non-ASC certified (NF-n1, n2, n3) systems through economic allocation, including 
LCI uncertainty at a confidence interval of 95%. (a) The values were normalised to the median 
values of the ASCs (c1) in each category. Indicators include the median, the 25th and 75th 
percentiles (box), and the 10th and 90th percentiles (whiskers). (b) Decision confidence 
probability (µ) of comparing the impact between the 2 systems. The ASC-certified farms (c1) 
came from Nhu et al. (2016). The non-ASC certified farms: n1 came from Nhu et al. (2016), n2 
came from Henriksson et al. (2015b) and n3 came from Bosma et al. (2011). X refers to a p-
value < 0.05, obtained from the statistical test, indicating that XASC and XNF were significantly 
different, 0 refers to the opposite. Keep in mind that (*) the data on water input of n2 came from 
n1 (see Supplementary material. D2), (**) the data on water input and accumulated nutrient 
discharges of n3 were estimated through daily water exchange rates and nutrient balances. 
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Supplementary material D2: Horizontal averaging of unit process data (including estimates for uncertainty) for the foreground systems: feed 
production and fish farming 
(a1) The average feed (fc1) used on the ASC-certified farms (group c1)  
FEED PRODUCTION: feed fc1 
Reference:   
CFs, Trang et al. 
(2016a) 
Bosma et al. 
(2011) 
Huysveld et al. (2013) Henriksson et al. 
(2015b) 
This study 
  Value 1 Value 2 Value 3 Value 4 Value 1 
Unit process flow  Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Uncertainty factors Unit 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
                            
Weighted mean, x̅a(wt): 352.6 
Soybean meal kg 352.629     
x̅g= 352.6 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.5  Wi =   313 110519.11        
                            
Weighted mean, x̅a(wt): 366.2 
Rice bran kg 366.229     
x̅g= 366.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.3  Wi =   313 114781.56        
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Weighted mean, x̅a(wt): 87.1 
Cassava kg 87.143     
x̅g= 87.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r: 1.025 1.025 1.000 1.000 1.000 
Overall dispersion SD95 2.9  Wi =   313 27311.89        
                            
Weighted mean, x̅a(wt): 67.1 
Wheat kg 67.071     
x̅g= 67.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.025 1.025 1.000 1.000 1.000 
Overall dispersion SD95 6.6  Wi =   313 21021.20        
                            
Weighted mean, x̅a(wt): 20.0 
Wheat bran kg 20.000     
x̅g= 20.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 2.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 2.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 12.6  Wi =   313 6268.30        
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Weighted mean, x̅a(wt): 3.0 
Poultry meal kg 3.000     
x̅g= 3.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 2.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 2.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 12.6  Wi =   313 940.25        
                            
Weighted mean, x̅a(wt): 43.3 
Fish meal, VN kg 43.296     
x̅g= 43.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 2.0  Wi =   313 13569.62        
                            
Weighted mean, x̅a(wt): 22.3 
Fish meal, imported kg 22.304     
x̅g= 22.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 2.0  Wi =   313 6990.41        
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Weighted mean, x̅a(wt): 1.2 
Fish oil kg 1.214     
x̅g= 1.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.7 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.7 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.2 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 9.5  Wi =   313 380.58        
                            
Weighted mean, x̅a(wt): 14.5 
Additives inorganic kg 14.491     
x̅g= 14.5 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 2.4  Wi =   313 4541.61        
                            
Weighted mean, x̅a(wt): 22.8 
Additives organic kg 22.838     
x̅g= 22.8 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 2.5  Wi =   313 7157.72        
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Weighted mean, x̅a(wt): 0.9 
Water m3  0.020 0.150 2.250  
x̅g= 0.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 3 1.05 3 1.05 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 2 1.03 2 1.03 1 1.00 
Spread, CVs 1.6 Geographic correlation: 1 1.00 2 1.01 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 1.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.1 Representativeness factor as σg
r: 1.000 1.061 1.029 1.031 1.000 
Overall dispersion SD95 8.7  Wi =    155.97 3.12 290.83 43.63 281.76 633.96  
                            
Weighted mean, x̅a(wt): 13.0 
Diesel kg  33.800  1.430  
x̅g= 7.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 3 1.05 1 1.00 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 1 1.00 2 1.03 1 1.00 
Spread, CVs 1.3 Geographic correlation: 1 1.00 2 1.01 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.000 1.061 1.000 1.031 1.000 
Overall dispersion SD95 7.0  Wi =    155.97 5271.89  281.76 402.92  
                            
Weighted mean, x̅a(wt): 1121.0 
Coal MJ    1121.000  
x̅g= 1121.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 2 1.03 1 1.00 
Spread, CVs 0.9 Geographic correlation: 1 1.00 1 1.00 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r: 1.000 1.000 1.000 1.031 1.000 
Overall dispersion SD95 4.6  Wi =        281.76 315852.0  
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Weighted mean, x̅a(wt): 69.8 
Rice husk kg   84.526 55.000  
x̅g= 68.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 3 1.05 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 3 1.02 3 1.02 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.000 1.000 1.031 1.031 1.000 
Overall dispersion SD95 1.8  Wi =      281.76 23816.00 281.76 15496.75  
                            
Weighted mean, x̅a(wt): 170.6 
Electricity kWh  320.000 63.373 195.000  
x̅g= 158.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 3 1.05 3 1.05 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.7 Geographic correlation: 1 1.00 2 1.01 3 1.02 3 1.02 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.000 1.061 1.031 1.031 1.000 
Overall dispersion SD95 3.3  Wi =    155.97 49911.34 281.76 17856.03 281.76 54943.03  
                            
Weighted mean, x̅a(wt): 94.5 
Transport, road tkm     94.518 
x̅g= 94.5 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 2 1.05 1 1.00 2 1.05 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 2 1.02 1 1.00 1 1.00 3 1.05 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 2 1.01 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 3 1.20 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.000 1.112 1.000 1.025 1.025 
Overall dispersion SD95 1.4  Wi =          43.12 4075.68 
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Weighted mean, x̅a(wt): 7621.3 
Transport, sea  tkm     7621.329 
x̅g= 7621.3 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 2 1.02 1 1.00 1 1.00 3 1.05 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 2 1.01 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 3 1.20 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.000 1.112 1.000 1.000 1.025 
Overall dispersion SD95 1.4  Wi =          43.12 328637.90 
                            
Weighted mean, x̅a(wt): 1000.0 
Feed CF tonne 1000.000     
x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.1   Wi =   313 313415.08                
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(a2) The ASC-certified farms (group c1)  
 
FARMING: ASC-c1 (10 farms) 
Reference:   
CFs, Trang et al. 
(2016a) 
Bosma et al. 
(2011) 
Huysveld et al. (2013) Henriksson et al. 
(2015b) 
This study 
  Value 1 Value 2 Value 3 Value 4 Value 1 
Unit process flow  Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Uncertainty factors Unit 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
                            
Weighted mean, x̅a(wt): 2903.0 
Water, river m3 2903.023     
x̅g= 2903.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 2.4  Wi =   313 909851.02        
                            
Weighted mean, x̅a(wt): 39.9 
Rainfall m3 39.890     
x̅g= 39.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 2 1.01 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.8  Wi =   311 12392.74        
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Weighted mean, x̅a(wt): 21.9 
Land occupation m2a 21.905     
x̅g= 21.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.8  Wi =   313 6865.50        
                            
Weighted mean, x̅a(wt): 1560.0 
Feed CF kg 1560.039     
x̅g= 1560.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.2  Wi =   313 488939.78        
                            
Weighted mean, x̅a(wt): 10.9 
Limestone kg 10.890     
x̅g= 10.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 3.0  Wi =   313 3413.09       
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Weighted mean, x̅a(wt): 0.6 
Chemicals organic kg 0.633     
x̅g= 0.6 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.9 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 4.6  Wi =   313 198.39        
                            
Weighted mean, x̅a(wt): 0.9 
Diesel kg 0.881     
x̅g= 0.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 3.1  Wi =   313 276.25        
                            
Weighted mean, x̅a(wt): 52.7 
Electricity kWh 52.690     
x̅g= 52.7 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 7.0  Wi =   313 16513.86        
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Weighted mean, x̅a(wt): 96.7 
Transport, barge tkm  156.004 39.001 110.763  
x̅g= 87.7 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.150 0.150 0.088 0.088 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 2 1.05 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 2 1.02 3 1.05 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 3 1.10 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 2 1.01 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 3 1.20 1 1.00 3 1.20 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r: 1.000 1.112 1.029 1.104 1.000 
Overall dispersion SD95 2.9  Wi =    28.62 4465.45 42.67 1663.98 54.15 5997.52  
                            
Weighted mean, x̅a(wt): 1000.0 
Pangasius CFs kg 1000.000     
x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.1  Wi =   313 313415.08        
                            
Weighted mean, x̅a(wt): 3.1 
Phosphorus, total to river kg     3.135 
x̅g= 3.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 1 1.00 3 1.05 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.7 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.000 1.000 1.000 1.000 1.025 
Overall dispersion SD95 3.3  Wi =          313.42 982.56 
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Weighted mean, x̅a(wt): 9.3 
Nitrogen, total to river kg     9.280 
x̅g= 9.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 1 1.00 3 1.05 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.000 1.000 1.000 1.000 1.025 
Overall dispersion SD95 3.2   Wi =                  313.42 2908.34 
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(b1) The average feed (fn1) used on the non-ASC certified farms (group n1)  
 
FEED PRODUCTION: feed fn1 
Reference:   
NFs, Trang et al. 
(2016a) 
Bosma et al. (2011) Huysveld et al. 
(2013) 
Henriksson et al. 
(2015) 
This study 
  Value 1 Value 2 Value 3 Value 4 Value 1 
Unit process flow  Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Uncertainty factors Unit 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
  
 
           
Weighted mean, x̅a(wt): 317.0 
Soybean meal kg 316.986         
x̅g= 317.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.025 1.000 1.000 1.027 1.000 
Overall dispersion SD95 1.5  Wi =   313 99348.10        
  
 
           
Weighted mean, x̅a(wt): 362.6 
Rice bran kg 362.586         
x̅g= 362.6 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.3  Wi =   313 113639.83        
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Weighted mean, x̅a(wt): 83.4 
Cassava kg 83.429         
x̅g= 83.4 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.9 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 5.6  Wi =   313 26147.77        
  
 
           
Weighted mean, x̅a(wt): 87.7 
Wheat flour kg 87.714         
x̅g= 87.7 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.9 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 5.4  Wi =   313 27490.98        
  
 
           
Weighted mean, x̅a(wt): 40.0 
Wheat bran kg 40.000         
x̅g= 40.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 6.9  Wi =   313 12536.60        
  
 
           
Weighted mean, x̅a(wt): 6.0 
Poultry meal kg 6.000         
x̅g= 6.0 
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Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 6.9  Wi =   313 1880.49        
  
 
           
Weighted mean, x̅a(wt): 43.3 
Fish meal, domestic kg 43.296         
x̅g= 43.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.5  Wi =   313 13569.62        
  
 
           
Weighted mean, x̅a(wt): 22.3 
Fish meal, imported kg 22.304         
x̅g= 22.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.5  Wi =   313 6990.41  
 
 
      
  
 
           
Weighted mean, x̅a(wt): 2.0 
Fish oil, imported kg 2.043         
x̅g= 2.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
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Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 6.6  Wi =   313 640.26        
  
 
           
Weighted mean, x̅a(wt): 12.2 
Additives inorganic kg 12.210         
x̅g= 12.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.7 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 3.6  Wi =   313 3826.81        
  
 
           
Weighted mean, x̅a(wt): 23.5 
Additives organic kg 23.476         
x̅g= 23.5 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 5.3  Wi =   313 7357.63  
 
 
      
  
 
           
Weighted mean, x̅a(wt): 0.9 
Water m3   0.020 0.150 2.250   
x̅g= 0.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
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Representativeness CVr: 0.0 Completeness: 1 1.00 3 1.05 3 1.05 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 2 1.03 2 1.03 1 1.00 
Spread, CVs 1.6 Geographic correlation: 1 1.00 2 1.01 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 1.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.1 Representativeness factor as σg
r: 1.000 1.061 1.029 1.031 1.000 
Overall dispersion SD95 8.7  Wi =    155.97 3.12 290.83 43.63 281.76 633.96  
  
 
           
Weighted mean, x̅a(wt): 13.0 
Diesel kg   33.800   1.430   
x̅g= 7.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 3 1.05 1 1.00 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 1 1.00 2 1.03 1 1.00 
Spread, CVs 1.3 Geographic correlation: 1 1.00 2 1.01 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r: 1.000 1.061 1.000 1.031 1.000 
Overall dispersion SD95 7.0  Wi =    155.97 5271.89  281.76 402.92  
  
 
           
Weighted mean, x̅a(wt): 1,121.0 
Coal MJ       1121.000   
x̅g= 1,121.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 2 1.03 1 1.00 
Spread, CVs 0.9 Geographic correlation: 1 1.00 1 1.00 1 1.00 3 1.02 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r: 1.000 1.000 1.000 1.031 1.000 
Overall dispersion SD95 4.6  Wi =        281.76 315852.0 
 
 
 
 
  
 
           
Weighted mean, x̅a(wt): 69.8 
Rice husk kg     84.526 55.000   
x̅g= 68.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 3 1.05 3 1.05 1 1.00 
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Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 3 1.02 3 1.02 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.000 1.000 1.031 1.031 1.000 
Overall dispersion SD95 1.8  Wi =      281.76 23816.00 281.76 15496.75  
  
 
           
Weighted mean, x̅a(wt): 170.6 
Electricity kWh   320.000 63.373 195.000   
x̅g= 158.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 3 1.05 3 1.05 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.7 Geographic correlation: 1 1.00 2 1.01 3 1.02 3 1.02 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.000 1.061 1.031 1.031 1.000 
Overall dispersion SD95 3.3  Wi =    155.97 49911.34 281.76 17856.03 281.76 54943.03  
  
 
           
Weighted mean, x̅a(wt): 92.4 
Transport, road tkm         92.369 
x̅g= 92.4 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 2 1.05 1 1.00 2 1.05 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 2 1.02 1 1.00 1 1.00 3 1.05 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 1 1.00 1 1.00 1 1.00 
Spread, CVs - Geographic correlation: 1 1.00 2 1.01 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 3 1.20 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.000 1.112 1.000 1.025 1.025 
Overall dispersion SD95 1.4  Wi =          43.12 3983.03 
             
  
 
           
Weighted mean, x̅a(wt): 7,405.9 
Transport, sea  tkm         7405.910 
x̅g= 7,405.9 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 2 1.05 1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 2 1.02 1 1.00 1 1.00 3 1.05 
Spread σg
s 1.0 Temporal correlation: 1 1.00 3 1.10 1 1.00 1 1.00 1 1.00 
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Spread, CVs - Geographic correlation: 1 1.00 2 1.01 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 3 1.20 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r: 1.000 1.112 1.000 1.000 1.025 
Overall dispersion SD95 1.4  Wi =          43.12 319348.9 
  
 
           
Weighted mean, x̅a(wt): 1,000.0 
Feed NF tonne 1000.000         
x̅g= 1,000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness CVr: - Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs - Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion SD95 1.1   Wi =   313 313415.08                
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(b2) The non-ASC certified farms (group n1)  
FARMING: NF-n1 (10 farms) 
Reference:   
NFs, Trang et al. 
(2016a) 
Bosma et al. (2011) Huysveld et al. (2013) Henriksson et al. (2015) This study 
  Value 1 Value 2 Value 3 Value 4 Value 1 
Unit process flow  Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Uncertainty factors Unit 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
Indicator 
score 
  
 
           
Weighted mean, x̅a(wt): 3,038.9 
Water, river m3 3038.945         
x̅g= 3,038.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
3.1  Wi =   313 952451.18        
                           
Weighted mean, x̅a(wt): 56.2 
Rainfall m3 56.210     
x̅g= 56.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 2 1.01 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
1.8  Wi =   311 17462.93        
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Weighted mean, x̅a(wt): 30.9 
Land occupation m2a 30.868     
x̅g= 30.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
1.8  Wi =   313 9674.36        
                           
Weighted mean, x̅a(wt): 1,667.3 
Feed input kg 1667.303     
x̅g= 1,667.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
1.2  Wi =   313 522557.90        
                           
Weighted mean, x̅a(wt): 5.7 
Limestone kg 5.651     
x̅g= 5.7 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
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Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
2.9  Wi =   313 1771.11        
                           
Weighted mean, x̅a(wt): 1.1 
Chemicals organic kg 1.130     
x̅g= 1.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r: 1.025 1.000  1.000 1.000 1.000 
Overall dispersion 
SD95 
2.7  Wi =   313 354.17        
                           
Weighted mean, x̅a(wt): 1.8 
Diesel kg 1.787     
x̅g= 1.8 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.9 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000  1.000 
Overall dispersion 
SD95 
5.3  Wi =   313 560.02        
   
  
                    
 
 
 
  
Weighted mean, x̅a(wt): 37.9 Electricity kWh 37.943     
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x̅g= 37.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 3 1.05 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.5 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.1 Representativeness factor as σg
r: 1.025 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
8.1  Wi =   313 11892        
                           
Weighted mean, x̅a(wt): 99.8 
Transport, barge tkm  166.730 41.683 118.379  
x̅g= 93.7 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 0.150 0.150 
Inherent uncertainty 
CVi: 
0.2 Reliability:  1 1.00 2 1.05 1 1.00 2 1.05 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 1 1.00 2 1.02 3 1.05 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 3 1.10 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 2 1.01 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 3 1.20 1 1.00 3 1.20 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r: 1.000 1.112 1.029 1.104 1.000 
Overall dispersion 
SD95 
3.0  Wi =    28.62 4772.48 42.67 1778.39 30.10 3563.50  
                           
Weighted mean, x̅a(wt): 1,000.0 
Pangasius NFs kg 1000.000     
x̅g= 1,000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
- Completeness: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs - Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
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Overall dispersion Phi 0.0 Representativeness factor as σg
r: 1 1.000 1.000 1.000 1.000 
Overall dispersion 
SD95 
1.1  Wi =   400 400000        
                           
Weighted mean, x̅a(wt): 5.7 
Phosphorus, total to river kg     5.720 
x̅g= 5.7 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 1 1.00 1 1.00 1 1.00 1 1.00 3 1.05 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.9 Representativeness factor as σg
r: 1 1.000 1.000 1.000 1.025 
Overall dispersion 
SD95 
5.4  Wi =          313.42 1792.73 
                           
Weighted mean, x̅a(wt): 30.4 
Nitrogenous, total to river kg     30.442 
x̅g= 30.4 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 0.050 0.050 
Inherent uncertainty 
CVi: 
0.1 Reliability:  1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Representativeness 
CVr: 
0.0 Completeness: 1 1.00 1 1.00 1 1.00 1 1.00 3 1.05 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Spread, CVs 1.7 Geographic correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.7 Further technological correlation: 1 1.00 1 1.00 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.2 Representativeness factor as σg
r: 1  1.000  1.000  1.000  1.025 
Overall dispersion 
SD95 
9.6   Wi =                  313.42 9540.98 
   
Appendix 
 
209 
(c1) The average feed (fn2) used on the non-ASC certified farms (group n2)  
  
Commercial feed: fn2 
Reference:   Henriksson et al. (2015b) This study 
   Value 1 Value 2 
Unit process flow  Value 
Uncertainty factor 
Value 
Uncertainty factor 
Uncertainty factors Unit Indicator score Indicator score 
                
Weighted mean, x̅a(wt): 46.0 
Fishmeal, domestic kg 46.00  
x̅g= 46.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 12960.92  
                
Weighted mean, x̅a(wt): 24.0 
Fishmeal, imported kg 24.000  
x̅g= 24.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 6762.22  
                
Weighted mean, x̅a(wt): 33.0 
Meat and bone meal kg 33.000  
x̅g= 33.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
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Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 9298.05  
                
Weighted mean, x̅a(wt): 1.0 
Bloodmeal kg 1.000  
x̅g= 1.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 281.76  
                
Weighted mean, x̅a(wt): 364.0 
Soybean meal kg 364.000  
x̅g= 364.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 102560.31  
                
Weighted mean, x̅a(wt): 29.0 
Rapeseed/canola meal kg 29.000  
x̅g= 29.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
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Overall dispersion SD95 1.3  Wi =   281.76 8171.01  
                
Weighted mean, x̅a(wt): 56.0 
Wheat flour kg 56.000  
x̅g= 56.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 15778.51  
                
Weighted mean, x̅a(wt): 243.0 
Rice bran kg 243.000  
x̅g= 243.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 68467.46  
                
Weighted mean, x̅a(wt): 64.0 
Broken rice kg 64.000  
x̅g= 64.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 18032.58  
                
Weighted mean, x̅a(wt): 130.0 Cassava flour kg 130.000  
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x̅g= 130.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 36628.68  
                
Weighted mean, x̅a(wt): 8.0 
Coconut cake kg 8.000  
x̅g= 8.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 2254.07  
                
Weighted mean, x̅a(wt): 2.0 
Fish oil kg 2.000  
x̅g= 2.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 1.3 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 7.0  Wi =   281.76 563.52  
 
 
                
Weighted mean, x̅a(wt): 7.0 
Vitamines kg 7.000  
x̅g= 7.0 
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Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.1 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 1.3  Wi =   281.76 1972.31  
                
Weighted mean, x̅a(wt): 2.3 
Water m3 2.250  
x̅g= 2.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 1.2 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 1.2 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 6.5  Wi =   281.76 633.96  
                
Weighted mean, x̅a(wt): 195.0 
Electricity kWh 195.000  
x̅g= 195.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.8 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.8 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.7 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 3.8  Wi =   281.76 54943.03  
 
 
       
                
Weighted mean, x̅a(wt): 1.4 
Diesel kg 1.430  
x̅g= 1.4 
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Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.9 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 4.6  Wi =   281.76 402.92  
                
Weighted mean, x̅a(wt): 1121.0 
Coal MJ 1121.000  
x̅g= 1121.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.9 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 4.6  Wi =   281.76 315851.96  
                
Weighted mean, x̅a(wt): 55.0 
Rice husks kg 55.000  
x̅g= 55.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 2 1.03 1 1.00 
Spread, CVs 0.9 Geographic correlation: 3 1.02 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r:  1.031 1.000 
Overall dispersion SD95 4.6  Wi =   281.76 15496.75  
 
 
      
                
Weighted mean, x̅a(wt): 112.6 
Transport, road tkm  112.560 
x̅g= 112.6 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 
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Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 2 1.05 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.000 1.025 
Overall dispersion SD95 1.4  Wi =    43.12 4853.68 
                
Weighted mean, x̅a(wt): 7797.0 
Transport, sea  tkm  7796.976 
x̅g= 7797.0 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 2 1.05 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.000 1.025 
Overall dispersion SD95 1.4  Wi =    43.12 336211.95 
                
Weighted mean, x̅a(wt): 1000.0 
Commercial feed tonne 1000.000  
x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r:  1.055  1.000  
Overall dispersion SD95 1.1  Wi =   174.60 174600.04  
 
 
 
(c2) The average farm-made feed used on the non-ASC certified farms (group n2)  
  
Farm-made feed 
Reference:   Phan et al. (2009) This study 
  Value 1 Value 2 
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Unit process flow  Value 
Uncertainty factor 
Value 
Uncertainty factor 
Uncertainty factors Unit Indicator score Indicator score 
                
Weighted mean, x̅a(wt): 134.0 
Broken rice kg 134.00  
x̅g= 134.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.055 1.000 
Overall dispersion SD95 2.9  Wi =   174.60 23396.41  
                
Weighted mean, x̅a(wt): 394.0 
Rice bran kg 394.000  
x̅g= 394.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.4 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.4 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r:  1.055 1.000 
Overall dispersion SD95 2.2  Wi =   174.60 68792.42  
                
Weighted mean, x̅a(wt): 115.0 
Cassava kg 115.000  
x̅g= 115.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.055 1.000 
Overall dispersion SD95 2.9  Wi =   174.60 20079.00  
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Weighted mean, x̅a(wt): 93.0 
Fishmeal kg 93.000  
x̅g= 93.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.055 1.000 
Overall dispersion SD95 3.2  Wi =   174.60 16237.80  
                
Weighted mean, x̅a(wt): 148.0 
Trashfish kg 148.000  
x̅g= 148.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.4 Geographic correlation: 2 1.01 1 1.00 
Overall dispersion CV 0.4 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r:  1.061 1.000 
Overall dispersion SD95 2.2  Wi =   155.97 23083.99  
                
Weighted mean, x̅a(wt): 116.0 
Soybean kg 116.000  
x̅g= 116.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.5 Geographic correlation: 2 1.01 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.061 1.000 
Overall dispersion SD95 2.6  Wi =   155.97 18092.86  
                
Weighted mean, x̅a(wt): 220.2 
Transport, road tkm  220.240 
x̅g= 220.2 
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Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  2 1.05 1 1.00 
Representativeness CVr: 0.0 Completeness: 2 1.02 3 1.05 
Spread σg
s 1.0 Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.0 Geographic correlation: 2 1.01 3 1.02 
Overall dispersion CV 0.2 Further technological correlation: 3 1.20 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.112 1.027 
Overall dispersion SD95 1.4  Wi =    42.91 9451.54 
                
Weighted mean, x̅a(wt): 1848.3 
Transport, sea  tkm  1848.344 
x̅g= 1848.3 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  2 1.05 1 1.00 
Representativeness CVr: 0.0 Completeness: 2 1.02 3 1.05 
Spread σg
s 1.0 Temporal correlation: 3 1.10 1 1.00 
Spread, CVs 0.0 Geographic correlation: 2 1.01 3 1.02 
Overall dispersion CV 0.2 Further technological correlation: 3 1.20 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.112 1.027 
Overall dispersion SD95 1.4  Wi =    42.91 79321.17 
                
Weighted mean, x̅a(wt): 1000.0 
Farm-made feed tonne 1000.000  
x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r:  1.000  1.000 
Overall dispersion SD95 1.1  Wi =   400.00 400000.00  
 
 
(c3) The non-ASC certified farms (group n2)  
 Reference: 
 Small-scale farms Medium-scale farms 
  Value 1 Value 1 
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FARMING: NF-n2 (212 farms)   
 Value 
Uncertainty factor 
Value 
Uncertainty factor 
    
Uncertainty factors 
Unit Indicator score Indicator score 
                
Weighted mean, x̅a(wt): 3038.9 
Water, river m3   
x̅g= 3038.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.000  1.000 
Overall dispersion SD95 3.1  Wi =      
                
Weighted mean, x̅a(wt): 56.2 
Rainfall m3   
x̅g= 56.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.000 1.000 
Overall dispersion SD95 1.8  Wi =      
                
Weighted mean, x̅a(wt): 30.9 
Land occupation m2a   
x̅g= 30.9 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 
Spread, CVs 0.3 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.000  1.000  
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Overall dispersion SD95 1.8  Wi =      
                
Weighted mean, x̅a(wt): 2178.9 
Fingerlings pcs 1831.000 2873.000 
x̅g= 2435.1 
Inherent uncertainty σg
i: 2.0 Inherent uncertainty as σCV
i (or CVi)  0.749 1.404 
Inherent uncertainty CVi: 0.7 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.3 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.8 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.7 Representativeness factor as σg
r:  1.029 1.029 
Overall dispersion SD95 3.9  Wi =   1.78 3258.36 0.51 1456.78 
                
Weighted mean, x̅a(wt): 1551.1 
Commercial feed kg 1311.000 1744.000 
x̅g= 1536.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.143 0.182 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.2 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.029 1.029 
Overall dispersion SD95 1.4  Wi =   46.76 61297.82 29.36 51200.17 
                
Weighted mean, x̅a(wt): 268.0 
Farm-made feed kg 589.000 156.000 
x̅g= 205.2 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.272 0.237 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 2.6 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 1.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 1.0 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r:  1.029 1.029 
Overall dispersion SD95 5.1  Wi =   13.35 7861.47 17.51 2731.70 
                
Weighted mean, x̅a(wt): 111.4 Electricity kWh 102.100 177.300 
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x̅g= 100.9 
Inherent uncertainty σg
i: 2.8 Inherent uncertainty as σCV
i (or CVi)  2.070 1.492 
Inherent uncertainty CVi: 1.4 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.8 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.5 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 1.5 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 1.1 Representativeness factor as σg
r:  1.029 1.029 
Overall dispersion SD95 8.4  Wi =   0.23 23.82 0.45 79.61 
                
Weighted mean, x̅a(wt): 5.2 
Diesel kg 8.330 7.690 
x̅g= 4.3 
Inherent uncertainty σg
i: 2.4 Inherent uncertainty as σCV
i (or CVi)  1.710 1.080 
Inherent uncertainty CVi: 1.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 3.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.7 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 1.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 1.0 Representativeness factor as σg
r:  1.029 1.029 
Overall dispersion SD95 6.8  Wi =   0.34 2.85 0.86 6.59 
                
Weighted mean, x̅a(wt): 3.9 
Limestone kg 14.000 1.510 
x̅g= 1.5 
Inherent uncertainty σg
i: 2.3 Inherent uncertainty as σCV
i (or CVi)  1.470 1.024 
Inherent uncertainty CVi: 1.0 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 9.4 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 1.5 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 1.8 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 1.2 Representativeness factor as σg
r:  1.029 1.029 
Overall dispersion SD95 10.3  Wi =   0.46 6.48 0.95 1.44 
                
Weighted mean, x̅a(wt): 129.7 
Transport, barge tkm 134.900 134.900 
x̅g= 129.5 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.15 0.15 
Inherent uncertainty CVi: 0.2 Reliability:  2 1.05 2 1.05 
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Representativeness CVr: 0.1 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.1 Temporal correlation: 3 1.10 3 1.10 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 3 1.20 3 1.20 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.115 1.115 
Overall dispersion SD95 1.5  Wi =   28.21 3805.54 28.21 3805.54 
                
Weighted mean, x̅a(wt): 1000.0 
Pangasius Henriksson kg 1000.000 1000.000 
x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r:  1.029  1.029  
Overall dispersion SD95 1.1  Wi =    290.83 290834.29 
                
Weighted mean, x̅a(wt): 27.9 
Ammonium, to freshwater kg 29.100 29.600 
x̅g= 27.8 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.281 0.281 
Inherent uncertainty CVi: 0.3 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.1 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.8  Wi =   12.41 361.18 12.41 367.39 
                
Weighted mean, x̅a(wt): 68.1 
Nitrate, to freshwater kg 71.000 72.230 
x̅g= 67.9 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.281 0.281 
Inherent uncertainty CVi: 0.3 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.1 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
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Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.8  Wi =   12.41 881.24 12.41 896.50 
                
Weighted mean, x̅a(wt): 1.5 
Nitrogen, lost through sediments kg 1.340 1.930 
x̅g= 1.5 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.240 0.240 
Inherent uncertainty CVi: 0.2 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.2 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.9  Wi =   16.89 22.63 16.89 32.60 
                
Weighted mean, x̅a(wt): 0.6 
Ammonia, to air kg 0.630 0.640 
x̅g= 0.6 
Inherent uncertainty σg
i: 1.4 Inherent uncertainty as σCV
i (or CVi)  0.309 0.309 
Inherent uncertainty CVi: 0.3 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.1 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.9  Wi =   10.30 6.49 10.30 6.59 
                
Weighted mean, x̅a(wt): 1.1 
Dinitrogen monoxide, to air kg 1.140 1.160 
x̅g= 1.1 
Inherent uncertainty σg
i: 1.9 Inherent uncertainty as σCV
i (or CVi)  0.685 0.685 
Inherent uncertainty CVi: 0.7 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.1 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.4  Wi =   2.12 2.42 2.12 2.46 
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Weighted mean, x̅a(wt): 2.0 
Phosphorus, to freshwater kg 2.040 2.265 
x̅g= 2.0 
Inherent uncertainty σg
i: 2.1 Inherent uncertainty as σCV
i (or CVi)  0.835 0.835 
Inherent uncertainty CVi: 0.8 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.1 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.1 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.8 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.7 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 4.2  Wi =   1.43 2.92 1.43 3.24 
                
Weighted mean, x̅a(wt): 0.0 
Amoxicillin  0.011 0.011 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.5 Inherent uncertainty as σCV
i (or CVi)  0.384 0.384 
Inherent uncertainty CVi: 0.4 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.4 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.1  Wi =   6.71 0.07 6.71 0.07 
                
Weighted mean, x̅a(wt): 0.0 
Ampicillin  0.00081 0.00081 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.00 2.88 0.00 
                
Weighted mean, x̅a(wt): 0.0 
Apramycin sulfate  0.00053 0.00053 
x̅g= 0.0 
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Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.00 2.88 0.00 
                
Weighted mean, x̅a(wt): 0.0 
Cephalexin  0.01320 0.01320 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.290 0.290 
Inherent uncertainty CVi: 0.3 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.8  Wi =   11.67 0.15 11.67 0.15 
                
Weighted mean, x̅a(wt): 0.0 
Ciprofloxacin  0.00024 0.00024 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.00 2.88 0.00 
                
Weighted mean, x̅a(wt): 0.0 
Colistin  0.00080 0.00080 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
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Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.00 2.88 0.00 
                
Weighted mean, x̅a(wt): 0.0 
Doxycycline  0.00373 0.00373 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.4 Inherent uncertainty as σCV
i (or CVi)  0.303 0.303 
Inherent uncertainty CVi: 0.3 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.8  Wi =   10.70 0.04 10.70 0.04 
                
Weighted mean, x̅a(wt): 0.0 
Enrofoxacin  0.009 0.009 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.8 Inherent uncertainty as σCV
i (or CVi)  0.659 0.659 
Inherent uncertainty CVi: 0.7 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.3  Wi =   2.29 0.02 2.29 0.02 
        
                
Weighted mean, x̅a(wt): 0.0 
Florfenicol  0.010 0.010 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.6 Inherent uncertainty as σCV
i (or CVi)  0.453 0.453 
Inherent uncertainty CVi: 0.5 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
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Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.4  Wi =   4.84 0.05 4.84 0.05 
                
Weighted mean, x̅a(wt): 0.0 
Kanamycin  0.004 0.004 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.239 0.239 
Inherent uncertainty CVi: 0.2 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.6  Wi =   17.03 0.07 17.03 0.07 
                
Weighted mean, x̅a(wt): 0.0 
Levofloxacin hydrate  1.07E-04 1.07E-04 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.00 2.88 0.00 
                
Weighted mean, x̅a(wt): 0.0 
Ormetoprim kg 0.001 0.001 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.5 Inherent uncertainty as σCV
i (or CVi)  0.439 0.439 
Inherent uncertainty CVi: 0.4 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.4 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.1  Wi =   5.15 0.00 5.15 0.00 
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Weighted mean, x̅a(wt): 0.0 
Oxytetracycline kg 0.002 0.002 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.0 Inherent uncertainty as σCV
i (or CVi)  0.044 0.044 
Inherent uncertainty CVi: 0.0 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.1  Wi =   282.20 0.55 282.20 0.55 
                
Weighted mean, x̅a(wt): 0.0 
Rifampicin kg 0.001 0.001 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.550 0.550 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.8  Wi =   3.29 0.00 3.29 0.00 
                
Weighted mean, x̅a(wt): 0.0 
Sulfadimethoxine  0.004 0.004 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.5 Inherent uncertainty as σCV
i (or CVi)  0.439 0.439 
Inherent uncertainty CVi: 0.4 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.4 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.3  Wi =   5.15 0.02 5.15 0.02 
                
Weighted mean, x̅a(wt): 0.0 
Sulfamethoxazole  0.026 0.026 
x̅g= 0.0 
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Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.595 0.595 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.0  Wi =   2.81 0.07 2.81 0.07 
                
Weighted mean, x̅a(wt): 0.0 
Trimethoprim  0.005 0.005 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.595 0.595 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.0  Wi =   2.81 0.01 2.81 0.01 
                
Weighted mean, x̅a(wt): 0.1 
Benzalkonium chloride  0.057 0.057 
x̅g= 0.1 
Inherent uncertainty σg
i: 1.8 Inherent uncertainty as σCV
i (or CVi)  0.632 0.632 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.1  Wi =   2.49 0.14 2.49 0.14 
                
Weighted mean, x̅a(wt): 0.0 
Calcium hypochlorite  0.008 0.008 
x̅g= 0.0 
Inherent uncertainty σg
i: 2.0 Inherent uncertainty as σCV
i (or CVi)  0.792 0.792 
Inherent uncertainty CVi: 0.8 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
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Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.8 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.7 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 4.0  Wi =   1.59 0.01 1.59 0.01 
                
Weighted mean, x̅a(wt): 0.0 
Chloramine-T  0.000 0.000 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.00 2.88 0.00 
                
Weighted mean, x̅a(wt): 0.1 
Chlorine  0.061 0.061 
x̅g= 0.1 
Inherent uncertainty σg
i: 1.9 Inherent uncertainty as σCV
i (or CVi)  0.699 0.699 
Inherent uncertainty CVi: 0.7 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.7 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.5  Wi =   2.04 0.13 2.04 0.13 
                
Weighted mean, x̅a(wt): 0.0 
Formaldehyde  0.004 0.004 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.244 0.244 
Inherent uncertainty CVi: 0.2 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 
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Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.6  Wi =   16.35 0.07 16.35 0.07 
                
Weighted mean, x̅a(wt): 0.0 
Iodine  0.043 0.043 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.8 Inherent uncertainty as σCV
i (or CVi)  0.612 0.612 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 3.1  Wi =   2.66 0.11 2.66 0.11 
                
Weighted mean, x̅a(wt): 0.0 
Copper sulfate  0.024 0.024 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.7 Inherent uncertainty as σCV
i (or CVi)  0.588 0.588 
Inherent uncertainty CVi: 0.6 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 2.9  Wi =   2.88 0.07 2.88 0.07 
                
Weighted mean, x̅a(wt): 0.0 
Ivermectin  0.000 0.000 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.096 0.096 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.2  Wi =   92.39 0.00 92.39 0.00 
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Weighted mean, x̅a(wt): 0.0 
Praziquantel  0.002 0.002 
x̅g= 0.0 
Inherent uncertainty σg
i: 1.3 Inherent uncertainty as σCV
i (or CVi)  0.269 0.269 
Inherent uncertainty CVi: 0.3 Reliability:  2 1.05 2 1.05 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 2 1.03 2 1.03 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.038 1.038 
Overall dispersion SD95 1.7   Wi =   13.52 0.02 13.52 0.02 
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(d1) The average feed (fn3) used on the non-ASC certified farms (group n3)  
FEED PRODUCTION: feed fn3 
Reference: Bosma et al. (2011) Henriksson et al. (2015) This study 
  Value 1 Value 2 Value 3 
Unit process flow 
 Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Uncertainty factors Unit 
Indicator 
score 
Indicator 
score 
Indicator 
score 
                    
Weighted mean, x̅a(wt): 328.0 
Soybean meal kg 328.000   
x̅g= 328.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.4 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 2.4  Wi =   155.97 51159.12     
                    
Weighted mean, x̅a(wt): 128.5 
Rice bran kg 128.500   
x̅g= 128.5 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.9 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.9 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.7 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 4.3  Wi =   155.97 20042.52     
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Weighted mean, x̅a(wt): 17.5 
Broken rice kg 17.500   
x̅g= 17.5 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 2.0 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 2.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.3 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 11.8  Wi =   155.97 2729.53     
                    
Weighted mean, x̅a(wt): 156.3 
Cassava kg 156.250   
x̅g= 156.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.2 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 1.6  Wi =   155.97 24370.77     
                    
Weighted mean, x̅a(wt): 109.3 
Wheat bran kg 109.250   
x̅g= 109.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 2.6  Wi =   155.97 17040.04     
                    
Weighted mean, x̅a(wt): 51.8 Rice meal kg 51.750   
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x̅g= 51.8 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 1.2 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 1.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.9 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 6.1  Wi =   155.97 8071.60     
                    
Weighted mean, x̅a(wt): 97.8 
Fish meal, domestic kg 97.845   
x̅g= 97.8 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 2.7  Wi =   155.97 15261.17     
                    
Weighted mean, x̅a(wt): 50.4 
Fish meal, imported kg 50.405   
x̅g= 50.4 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.5 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.5 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.5 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 2.7  Wi =   155.97 7861.82     
                    
Weighted mean, x̅a(wt): 12.3 Fish oil, imported kg 12.250   
Appendix D 
 
236 
x̅g= 12.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.8 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.8 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.7 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 3.8  Wi =   155.97 1910.67     
                    
Weighted mean, x̅a(wt): 15.0 
Coconut meal kg 15.000   
x̅g= 15.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 2.0 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 2.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.3 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 11.8  Wi =   155.97 2339.59     
                    
Weighted mean, x̅a(wt): 21.3 
Rape seed meal kg 21.250   
x̅g= 21.3 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 2.0 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 2.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.3 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 11.8  Wi =   155.97 3314.42     
                    
Weighted mean, x̅a(wt): 11.8 Additives organic kg 11.750   
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x̅g= 11.8 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 1.6 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 1.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.1 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 9.2  Wi =   155.97 1832.68     
                    
Weighted mean, x̅a(wt): 0.0 
Water m3 0.020   
x̅g= 0.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 3 1.10 1 1.00 2 1.03 
Spread, CVs 0.0 Geographic correlation: 2 1.01 3 1.02 3 1.02 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.061 1.027 1.031 
Overall dispersion SD95 1.1  Wi =   155.97 3.12     
                    
Weighted mean, x̅a(wt): 33.8 
Diesel kg 33.800   
x̅g= 33.8 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 1 1.00 
Spread σg
s 1.0 Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 2 1.01 3 1.02 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.061 1.027 1.000 
Overall dispersion SD95 1.1  Wi =   155.97 5271.89     
                    
Weighted mean, x̅a(wt): 320.0 Electricity kWh 320.000   
Appendix D 
 
238 
x̅g= 320.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 3 1.05 3 1.05 3 1.05 
Spread σg
s 1.0 Temporal correlation: 3 1.10 1 1.00 2 1.03 
Spread, CVs 0.0 Geographic correlation: 2 1.01 3 1.02 3 1.02 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.061 1.027 1.031 
Overall dispersion SD95 1.1  Wi =   155.97 49911.34     
                    
Weighted mean, x̅a(wt): 142.9 
Transport, road tkm   142.868 
x̅g= 142.9 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 1 1.00 2 1.05 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.000 1.000 1.025 
Overall dispersion SD95 1.4  Wi =       43.12 6160.56 
                    
Weighted mean, x̅a(wt): 7850.0 
Transport, sea  tkm   7850.012 
x̅g= 7850.0 
Inherent uncertainty σg
i: 1.2 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.150 
Inherent uncertainty CVi: 0.2 Reliability:  1 1.00 1 1.00 2 1.05 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.000 1.000 1.025 
Overall dispersion SD95 1.4  Wi =       43.12 338498.91 
                    
Weighted mean, x̅a(wt): 1000.0 Feed Bosma tonne 1000.000   
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x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 
Spread σg
s 1.0 Temporal correlation: 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r:  1.000 1.000  1.000  
Overall dispersion SD95 1.1  Wi =   400.00 400000.00     
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(d2) The non-ASC certified farms (group n3)  
FARMING: NF-n3 (28 farms) 
Reference: Bosma et al. (2011) Henriksson et al. (2015) This study 
  Value 1 Value 2 Value 3 
Unit process flow 
 Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Value 
Uncertainty 
factor 
Uncertainty factors Unit 
Indicator 
score 
Indicator 
score 
Indicator 
score 
                    
Weighted mean, x̅a(wt): 2500.0 
Water, river m3 2500.000   
x̅g= 2500.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  4 1.20 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 5 1.20 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.147 1.000 1.000 
Overall dispersion SD95 1.4  Wi =   43.17 107931.12     
                    
Weighted mean, x̅a(wt): 42.6 
Rainfall m3 42.646   
x̅g= 42.6 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 3.2  Wi =   156.64 6680.09     
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Weighted mean, x̅a(wt): 23.4 
Land occupation m2a 23.419   
x̅g= 23.4 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.6 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.6 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.6 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 3.2  Wi =   156.64 3668.37     
                    
Weighted mean, x̅a(wt): 1860.0 
Feed input kg 1860.000   
x̅g= 1860.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.2 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.2 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.2 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 1.4  Wi =   156.64 291348.95     
                    
Weighted mean, x̅a(wt): 5.2 
Limestone kg 5.200   
x̅g= 5.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 1.1 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.9 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 5.9  Wi =   156.64 814.52     
                    
Weighted mean, x̅a(wt): 0.1 Chemicals organic kg 0.120   
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x̅g= 0.1 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 1.4 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.4 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.1 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 7.8  Wi =   156.64 18.80     
                    
Weighted mean, x̅a(wt): 4.2 
Diesel kg 4.225   
x̅g= 4.2 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 1.8 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.8 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 1.2 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 10.4  Wi =   156.64 661.80     
                    
Weighted mean, x̅a(wt): 41.0 
Electricity kWh 41.000   
x̅g= 41.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 1 1.00 
Representativeness CVr: 0.1 Completeness: 3 1.05 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 1.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 1.0 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.8 Representativeness factor as σg
r:  1.061 1.000 1.000 
Overall dispersion SD95 5.0  Wi =   156.64 6422.21     
                    
Weighted mean, x̅a(wt): 116.4 Transport, barge tkm 186.000 46.500 132.060 
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x̅g= 104.5 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.150 0.150 0.088 
Inherent uncertainty CVi: 0.1 Reliability:  2 1.05 1 1.00 2 1.05 
Representativeness CVr: 0.0 Completeness: 2 1.02 3 1.05 3 1.05 
Spread σg
s - Temporal correlation: 2 1.03 2 1.03 1 1.00 
Spread, CVs 0.0 Geographic correlation: 2 1.01 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 3 1.20 1 1.00 3 1.20 
Overall dispersion Phi 0.1 Representativeness factor as σg
r:  1.101 1.029 1.102 
Overall dispersion SD95 1.2  Wi =   30.58 5686.97 42.67 1983.93 54.85 7243.82 
    
  
 
  
            
Weighted mean, x̅a(wt): 1000.0 
Pangasius Bosma kg 1000.000   
x̅g= 1000.0 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  1 1.00 1 1.00 1 1.00 
Representativeness CVr: 0.0 Completeness: 1 1.00 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 1 1.00 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.1 Further technological correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion Phi 0.0 Representativeness factor as σg
r:  1.000 1.000 1.000 
Overall dispersion SD95 1.1  Wi =   400.00 400000.00     
                    
Weighted mean, x̅a(wt): 7.6 
Phosphorus, total to river kg 7.600   
x̅g= 7.6 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  4 1.20 1 1.00 1 1.00 
Representativeness CVr: 0.3 Completeness: 5 1.20 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 4 1.50 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.278 1.000 1.000 
Overall dispersion SD95 1.7  Wi =   14.70 111.73     
                    
Weighted mean, x̅a(wt): 28.5 Nitrogen, total to river kg 28.500   
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x̅g= 28.5 
Inherent uncertainty σg
i: 1.1 Inherent uncertainty as σCV
i (or CVi)  0.050 0.050 0.050 
Inherent uncertainty CVi: 0.1 Reliability:  4 1.20 1 1.00 1 1.00 
Representativeness CVr: 0.3 Completeness: 5 1.20 1 1.00 1 1.00 
Spread σg
s - Temporal correlation: 3 1.10 1 1.00 1 1.00 
Spread, CVs 0.0 Geographic correlation: 1 1.00 1 1.00 1 1.00 
Overall dispersion CV 0.3 Further technological correlation: 4 1.50 1 1.00 1 1.00 
Overall dispersion Phi 0.3 Representativeness factor as σg
r:  1.278 1.000 1.000 
Overall dispersion SD95 1.7   Wi =   14.70 418.98         
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